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ADVANCED SINGLE PERMANENT AX I POLAR IRONLESS STATOR AC MOTOR 
FOR ELECTRIC PASSENGER VEHICLES 


E.D. Beauchamp, J. R. Hartfield, K. L. Wuertz 
AIResearch Manufacturing Company 


SUMMARY 


The purposes of the program were to further develop electric motor tech- 
nology as It applies to electric passenger vehicles for urban driving service, 
and to apply this technology toward a potentially attractive "advanced" motor 
design concept. Furthermore, the goal was to fabricate and test hardware to 
determine its feasibility for ultimate use in a 135C-kg production electric 
vehicle. An "advanced" motor in this context implied a motor that did not exist 
in a form suitable for electric vehicle applications. A prime consideration in 
determining concept feasibility was a reduction in life-cycle costs, i.e., low 
manufacturing costs and low maintenance costs, while achieving low weight and 
high efficiency. 


Program Accomplishments and Limitations 

Program highlights .— During the program, an extensive preliminary design 
phase resulted in the motor concept and predicted performance. The motor is a 
brushless, rare-earth cobalt permanent magnet, axial air gap, ironless stator, 
air-cooled design. A proof-of-principle model was fabricated and tested to eval- 
uate the feasibility of the concept. A functional model was fabricated and 
tested, incorporating improvements based on proof-of-principle nwdel test 
results. Program goals were not met in that an electronic controller was not 
built, therefore, no testing was conducted with the rotating machine operating 
as a motor. However, extensive and significant testing was done with the machine 
operating in the generator mode. Also, Phase II was not exercised. The Phase 
II goal was to have fabricated and tested an engineering model, and conducted a 
preliminary design and performance prediction for the production model. 

Significant program results are listed below: 

(1) Validity of basic magnetic flux linkage predication of design program 
was established. 

(2) Inherent voltage regulation of machine was confirmed. 

(3) An ironless stator was successfully constructed, demonstrating capabil- 
ity of continuous operation at peak current, and establishing the ther- 
mal time constant. 

(4) Windage losses were reduced from 5000 W in the proof-of-principle irodel 
to 2000 W in the functional model. This reduction resulted in a 10 
percent increase in efficiency at full speed/full load. 



(5) Full generator level testing was conducted on the functional model; 
recording electromagnetic, thermal, aerodynamic, and acoustic noise 
data. 

(6) A complete engineering drawing package was made, reflecting the new 
design features In stator construction and support. 

(7) 20.3 kW output with the functional model operating as a generator at 
1466 rad/s (14000 rpm), 160 A dc was demonstrated. 

(8) Projected system performance based on functional model machine para- 
meters and a transistor Inverter of 23.6 kW output power at 1466 rad/s 
and 83.3 percent efficiency. 

(9) Rotating machine weight is 23.52 kg with a rotor weight of 13.0 kg and 
a rotor moment of Inertia of 0.0615 N*m‘s2. 

System limitations .— The following factors should be considered when 
evaluating this concept: 

(1) A windage loss of 2000 W reduces maximum system efficiency to 85 
percent. 

(2) Rotor inertia results In an unloaded motor rotor acceleration time from 
0 to 100 percent speed at full rated torque of 5.6 s. 

(3) Mechanical considerations resulted in an air gap increase of 0.40 mm 
and approximately an 11 percent reduction of flux, voltage, and power 
capability. 

(4) Effective cotnmjtating reactance was 50 percent higher than calculated, 
further reducing the output power If operated with a thyristor bridge 
inverter. 

(5) The stator winding needs cooling at high torque, low speed conditions. 
The volume of air supplied should be controlled as a function of stator 
tenperature. 

(6) The rotor magnetic flux leakage (fringing) outside the housing may 
cause a problem in the external environirent. Shielding may be 
required. 
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INTRODUCTION 


This program covers the design, development, and evaluation of the perform- 
ance of an advanced electric motor for passenger vehicle propulsion. It was 
undertaken to support the Electric and Hybrid Vehicles Division of the Depart- 
ment of Energy and NASA Lewis Research Center in their efforts to reduce the 
dependency of the United States on petroleum in the transportation system. 

The definition of the term “advanced motor" required development of a motor 
concept not in existence for vehicle propulsion and, utilizing materials, compo- 
nents, and design concepts based on a predictable growth in technology. The 
motor developed under this contract recognized the goals of low weight, low cost, 
and high efficiency with speed/torque control capability over the full perform- 
ance range required by an electric passenger vehicle. 

In order to accomplish the stated goals, the program was structured to be 
performed in two phases. 

Phase I was funded while Phase II was held as a follow-on option. This 
report covers all the activities undertaken in Phase I. The structure of Phase 
I consisted of seven tasks. The specific technical activities performed in each 
of the tasks are summarized below. 

Task 1.— A design study was conducted that defined the motor and controller 
paraneters for the proposed system. An analytical assessment of 
the motor/controller performance operating at the required vehicle 
duty cycles was performed and the basic machine was defined. 

Task 2.— A proof -of-principle rotating machine was designed, built, and 

tested in the generator mode. An electronic controller design was 
made. 

Task 3.--A formal program review documenting the work accomplished and 
progress made in Tasks 1 and 2 was accomplished. 

Task 4.— A functional model rotating machine was designed. This machine 

incorporated features to improve the motor performance established 
with the proof-of-principle hardware. 

Task 5. --The functional model rotating machine was fabricated and tested 
as a generator. Data were taken to establish the characteristics 
of the functional model machine and to establish whether the con- 
cept showed sufficient promise to justify further development. The 
proof-of-principle stator was scheduled to be used on the functional 
model but the <tator suffered irrepairable electrical damage. 

Further work on the electronic controller was de-emphasized until 
generator tests could confirm the overall rotating machine viability. 
An analytical evaluation of motor performance was completed with a 
modified existing controller. 
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Task 6.— This task provided for the assessment of an alternate magnet 

material applied to the motor design concept. Because of stator 
fabrication requirements, most of the funding intended for this 
task was transferred to Task 5. However, a preliminary computer 
design using the alternate low-cost ferrite magnet was performed by 
AiResearch and Is included in this report. 

Task 7. “A full review of all activities and a summary of the progrp 

results through Task 6 was given in an oral presentation with view- 
graphs to officials of NASA Lewis Research Center. This presenta- 
tion is suimnarlzed in AiResearch Document No. 82-19202, TA^ 7, 

PHASE 1 PROGRESS REVIEW DOCUMENT , dated July 30, 1982. This report 
covers the same areas in greater depth and represents the completion 
of Phase I activities, which fell short of motor mode testing. 

The effort undertaken by AiResearch in this program was to develop a motor 
exhibiting potential advantages in the area of low initial and low life-cycle 
costs. The motor used advanced technology permanent magnet materials and power 
electronic devices and attempted to achieve this low cost with little if any pen- 
alty in system weight, efficiency, or performance capability. To achieve these 
goals the motor used only four basic parts in its rotating structure and only 
strip copper wire in its stator assembly. The unit was configured to pump its 
own cooling air and to utilize a housing/end bell structure of three parts. All 
parts of the motor showed excellent promise of being well-suited to econonical 
mass production. The electronic controller to be used with the motor was designed 
to operate at the highest input voltage option (240 Vdc) to reduce the size of 
the power semiconductors as well as cables and terminals. The controller concept 
is a three-phase inverter using power transistors in each leg of the bridge. This 
provided for operation of the motor at nearly unity powe>^ factor to minimize motor 
size fc** the required output power. 

The potential of this advanced motor concept was such that it merited a full 
analytical and test evaluation. This program accomplished that assessment. 
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CONCEPT AND DESIGN ANALYSIS 


Rotating Machine 

Approach . —The motor Is a brushless, dc, rare-earth cobalt, permanent magnet, 
axial air gap Inductor machine, using an Ironless stator. Air cooling Is Inher- 
ently provided by the centrifugal-fan action of the rotor poles. This unique new 
motor concept Is based on the Lorentz-Inductlon concept, but overcomes the dis- 
advantages resulting fran high interpolar leakage flux and nonreversing flux link- 
age that cause a high stator leakage reactance In typical inductor machines. 

Status and history of concept .— The iron less stator concept is wellrknown 
but has generally been un accept abU for small electromagnetically excited machines 
since the required exciting magnetomotive force (mmf) results in an Intolerable 
field loss. However, due to scaling laws, a practical design can sometimes be 
achieved In large machines for certain applications. In 1965, The Garrett 
Corporation developed a 500-kVA, 2-pole, 60-Hz axial gap machine with an Ironless 
stator and electromagnetic excitation. 

In permanent magnet machines, Ironless stators have been more widely applied, 
particularly In the case of the printed-circuit dc motor where the commutator and 
stator windings are combined to achieve significant cost savings. Such motors 
have been confined to small ratings, because the scaling laws for permanent magnet 
machines are different than for field-excited machines. This gives magnets an 
inherent advantage at small scale. For example, the mmf of a magnet scales line- 
arly with scale factor, but its flux scales as the square. However, both the mmf 
and flux cf an electromagnetic coil increase with the square of the scale factor. 

When actual designs are considered, it is found that field-excited machines 
are at a great disadvantage at small scale so far as con^lexlty, size, and effi- 
ciency are concerned. But as size Increases, there Is a crossover point where 
the machines are roughly equivalent In size, and beyond that the field-excited 
machine has an advantage. The advent of very high energy magnets has dramatically 
raised the point of equivalence and has made it possible to consider entirely new 
design concepts. 

As far as the Inductor alternator principle Is concerned. It Is a classic 
concept generally limited to applications where a low-cost, high-frequency, high- 
impedance machine Is desired as In Induction heating systems. Because of its 
elegant simplicity. It has great appeal and is frequently misapplied when Its 
deficiencies are not well understood. Fundamentally, the Inductor machine Is at 
a disadvantage because utilization of the stator Iron and copper Is less than 50 
percent when compared to flux-reversing machines. Furthermore, the fact that 
half the colls of the machine are Inactive at any given Instant n^ans that such 
machines will have about twice the stator Impedance that could be obtained In a 
flux-reversing machine operating at the same electric loading and air gap flux 
density. 
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Fortunately, the use of an ironless stator in conjuction with a high energy 
magnet makes it possible to realize the simplicity of the inductor concept and to 
obtain acceptable size and performance. This is possible because the ironless 
stator has a low leakage reactance and the amount of copper required is reasonable 
(and hence the losses incurred) because relatively small coils are required to 
embrace the high density pole flux. The axipolar concept is very flexible in 
allowing magnet weight to be traded for stator loss because air gap flux density 
is not limited by stator-tooth saturation. It is limited only by pole iron 
saturation. 

Design concept .— Fig. 1 shows a conceptual cross section of the axipolar 
machine. Magnetic flux frcmi the cylinder magnet is collected and focused by the 
iron rotor poles. The flux always travels in the same direction across the air 
gap (left to right in this case). The ironless stator coils all lie in the same 
plane in the air gap. A high-strength hoop mechanically contains the magnet under 
all speed and temperature conditions. 

A magnetic flux comparison of the axipolar machine with a conventional 
machine is appropriate at this time. In a conventional machine, a given stator 
coil sees a flux distribution that completely reverses in direction from some 
positive, maximum value to the same negative value. Peak flux in the gap corres- 
ponds to about 0.70 T. This is shown in fig. 2(a). In the axipolar machine, 
fig. 2(b), the flux in a given coil is always in the same direction. It varies 
from some peak value when the coil is in line with the rotor poles to some minimum 
value when the coil is between tiie poles. This minimum value of flux is due to 
flux lines crossing the air path between consecutive rotor poles, and linking the 
coils in this area. 

The difference in magnetic flux distribution of the two machines results in 
a different way of achieving net torque. Fig. 3 defines the direction of force 
on a current-carrying conductor in a magnetic field. In a conventional machine, 
stator coils are arranged such that when the flux field reverses, the direction 
of current also reverses. Therefore, the force and torque are in the same direc- 
tion. In the axipolar machine, fig. 4, the flux does not reverse, but the current 
does. A relatively large positive force results when the conductors are under 
the poles and a relatively small force in a negative direction results when the 
conductors are between the poles. This negative componenc of force and torque is 
a characteristic of all inductor-type machines. 

However, the use of an ironless stator minimizes the negative effect and 
results in a machine with many desirable characteristics. The permanent magnet 
can be precisely matched magnetically to the stator so that an economical balance 
of magnet material versus losses and other materials can be achieved regardless 
of the type of magnet material or number of poles. Thus, even a low-cost, low- 
energy product magnet material may be operated at its optimum flux density so 
that its maximum field energy is obtained. The flux-focusing iron poles result 
in a much higher magnetic field flux density (approximately 1.09 T) so that rela- 
tively small stator coils are required to link the required pole flux. This 
results in much lower copper loss and stator impedance than if the coils were 
operating at the magnet flux density. 
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Figure 4.— Axipolar Machine Principles, 





structurally, this rotor design provides a simple, high-strength construc- 
tion that can operate at high speeds to reduce overall machine size and weight. 
The magnet rotates at a relatively low tip speed when ccwpared to the rotor 
poles. This is important, because magnet stress Is proportional to the tip speed 
squared. The r iqnet Is totally supported In compression by a shrink ring so that 
the rotor's stt :tural integrity Is unaffected by poor mechanical properties that 
are characteristic of rare-earth cobalt, as well as most other magnet materials. 

An aluminum shroud covers each of the rotor sections to direct the rotor- 
induced airflow ever the stationary stator colls. The shroud also reduces the 
overall rotor windage loss. 

The Ironless stator assembly Is a three-phase winding using machine-wound 
colls with strip copper conductors that are ML -coated for Insulation. The strip 
copper colls result In a "laminated" effect that minimizes eddy current losses In 
the conductors. All colls are Identical except that two-thirds of the colls are 
formed to permit all "active" surfaces of the coils to lie in the same plane. 

This Is necessary In order to achieve a mlniimm* stator axial thickness. Magnet 
weight is dh'ectly proportional to stator thickness, so a thin stator is required 
to minimize magnet cost and weight. There are many advantages to this type of 
stator assembly. 

The stator does not contain Iron so the iron losses are eliminated. This is 
particularly important in a high-speed permanent magnet machine because the Iron 
losses Increase exponentially with speed, causing efficiency to be low at low- 
load conditions. Although iron loss can be reduced at low load by schemes that 
shunt the magnet flux away from the stator, such schemes add to cost and also 
reduce reliability. 

There is one potentially negative aspect of using an ironless stator: It is 

possible to have substantial eddy current losses In the conductors in addition to 
the l^R loss. The conductors are operating directly in the main field, whereas 
In conventional machines the conductors perceive only their own leakage field, 
the main field being diverted by the stator teeth. It Is believed that the pro- 
posed ribbon construction of the stator coils will make it possible to achieve a 
conductor conf iguration in which the eddy loss Is minimal. For that reason and 
because experimental data were not available for coils of this precise config- 
uration, eddy loss has not been included in the estimated performance data. 

Due to the absence of stator Iron, the disadvantages that are typical of 
inductor machines are dramatically reduced. The interpolar leakage flux that 
generates a negative torque component opposing the torque of the main flux Is 
minimized. The low leakage flux. In conjunction with the high flux density In 
the gap, results in a flux swing with undulation conparable to that obtained In 
conventional flux-reversing synchronous machines. Further, the elimination of 
stator teeth substantial 1y reduces the stator leakage reactance. The demagnet- 
izing effect of the stator load current is reduced due to the large reluctances 
of the stator gap and the magnet. 

Ribbon conductors provide superior heat transfer as compared to round wire, 
mush-wound coils or substrate-iirounted printed-circuit conductors. Virtually all 


11 



coll surfaces are directly exposed to cooling air (or cooling fluid. If desired), 
pemitting operation at high current densities to reduce the amount of copper 
required. This reduces the air gap dimension and amount of magnet material 
required. Ribbon conductors also provide the mst efficient utilization of the 
space t^tween the poles. In the baseline design, the fill factor 1$ 0.61. This 
conqjares with 0.15 typically attained In mush-wound colls supported In Iron teeth 
(the t eth occupy about half the available space). 

In addition, the [rassiblllty of ground faults Is virtually nil since the 
colls are not Imbedded In slots In Iron. Phase-to-phase faults are very unlikely 
since conductors of various phases are prefon»«d and not Intertwined. 

Optimizing the design .— A computer math model of the axipolar machine was 
created in order to study the effects of certain Important design parameters. 
Losses, magnet weight, total weight, magnet tip speed, and rotor tip speed are 
tabulated for 26 kW, 0.9 power factor machines in table 1. In this study, speed, 
poles, current density, and electric loading (^pere-conductors per unit of 
stator inner periphery) were varied. The study was used to determine a rough 
size for the machine and Indicate significant trends. 

Optimization of the design required additional activities: 

(1) Achievable bend radii for the stator colls were determined. 

(2) A method of calculating the winding leakage inductance in Ironless 
stator machines was derived. This method is given In appendix A. 

(3) Electronic converter performance characteristics, limitations, and 
power dissipation were defined. 

(4) An existing driving cycle performance progran was incorporated into the 
machine design program. 

(b) An estimated cost of materials was included to evaluate the machine on 
a dollar basis. 

Incorporation of all of these system characteristics into a single progr^n 
allowed the evaluation of many design parameters to determine the most economical 
system design. For instance, the design study in table 1 assumed a pole face 
flux density of 1.09 T. This is not necessarily the best design because magnet 
weight is directly proportional to pole face density, while copper and pole 
weight, tip speed, and losses are inverse functions of pole face flux density. 
Also, although the magnet material has the highest cost per pound of the mate- 
rials used in the machine, the economically optimum design 1s probably not the 
one with the lowest magnet weight, since low magnet weight is attained at the 
expense of greater copper loss, greater windage loss, or both. 

Baseline design .— Exercise and evaluation of the system computer program 
resulted in the seWtion of a 16-pole motor with a rated speed of 1466 rad/s and 
a rated power of 26.73 kW. Table 2 summarizes all machine parameters except for 
the magnetic circuit data, which are presented in fig. 5, and the converter model. 
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shown in fig. 6. In addition, full thermal and stress analyses were conducted on 
the baseline machine. These results &re given in appendix B and appendix C, 
respectively. 


TABLE 2.— AXIPOLAR MACHINE DESIGN DATA. 


Nominal motor rating: 

81.0 {air gap voltage), -0.993 power factor, 110 A 

fundamental ac rms current, three-phase, 26.73 kVA, 

1466 rad/s, 1774 rad/s overspeed, 16 poles, 1867 Hz 

Magnet : 

151.3-mm o.d., 11.4-mm thick, rare-earth cobalt, 15.0 
MGO at 210C. 13.9 MGO at 930C 

Stator : 

3.5-mm thick, 255.4-mm o.d., 170.1-mm i.d., 48 coils 
total, three-phase, 8 circuits, 16 poles, 20 turns/coil 
of 0.22-mm thick, 3.37-mm wide annealed, bare copper 
ribbon with 0.05-mro silicone/kapton/silicone interleaf, 
fill factor = 0.608, electric loading = 36.400 
A*cond/m, current density = 4.724 x lO'A/m^ 

Rotor : 

230.6-mm o.d. (excluding flared face), 456 mm^ of iron 
section per pole, 8 poles per rotor section, 25. 7 -mm 
axial thickness at pole root, material = 4340 steel, R^ 
= 36-40 

Electromagnetic weights: 

Rotor iron = 8.632 kg 
Magnet = 1.672 kg 

Copper = .889 kq 

TTTiTkg 

Dimensional data: 

Total air gap between mating poles = 5.15 mm Mechanical 
clearance, pole surface to stator surface = 0.828 mm 
Mean pole pitch = 41.78 mm 

Tie bolt clearance hole in magnet = 9.65-mm diam 
Magnet hoop = 8.37-mm thick 
8.274 Pa shrink fit. Inconel 718 

Parameters : 

Pitch and distribution factor = 0.9225 
Pole embrace = 0.6 per unit 
Copper temperature factor =1.5 (1490C) 
Form factor, main poles = 1.027 
interpoles = 1.270 
Pole factor Cp = 0.647 
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Table 2.— Axipolar Machine Design Data— Continued. 


Paranieters (cont.): 

Stator phase resistance, hot 

— 

0.02464 ohms 



= 

0.0335 per unit 


xad 

= 

1.44 per unit 


xaq 

= 

0.149 per unit 


XL 

= 

0.150 per unit 


Leakage inductance 

= 

9.43 mH 


Base n 

s 

0.''3636 ohms 

Loss summary: 

Stator copper loss 

= 

0.8946 kW 


Stator eddy loss 

= 

0.1621 kW 


Stator stray loss 

= 

0.0709 kW 


Pole face loss 

St 

0.0375 kW 


Windage loss 

= 

0.717 kW 


Bearing loss 


0.0302 kW 


Total rrotor loss 

s 

1.912 kW 


Inverter loss 

= 

1.366 kW 


Total Loss 


3.278 kW 

Efficiency: 

Motor 

= 

0.9309 


Motor and inverter 


0.887 


RbASE = Vr/^TED/IRATED = 81/110 = 0.73636 n 

RpU = R/RbaSE = 0.02464/0.73636 = 0.0335 per unit 
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(14 Kg) 


8.339XlO-^Wb 
(83.39 K\)’ 


Ai r gap ininf 
2685 AT 

- ■' ► ' AA^ ■ — ■ - 

5.737x10.-^ Wb ( 57 . 37 KI) 

Active leakage 
4.0X10"5 wb (40 Kl) 


Stator mmf 
152.55 AT 




-*AV- 




"^nnr* 


-AAAr 


-AAAr 


2 . 29 X 10 ‘ 5 wb (22.9 Kl) 

Pole iron 

Static leakage 

- ■» 

1.972x10-4 Wb (19.72 Kl) 

3381.7 at (Net magnet mmf) 
^ ^ 0.37 3 T (3.73 Kg) 


— -AAAr 

3382.3 AT 
Magnet drop 


ii- 


6764 AT 
(Magnet mmf <® 
zero flux) 


A-323M 


Figure 5.— Magnetic Circuit Data per Pole Pair. 


NOTE; Static leakage is the flux that leaks across the gap but 
does not link any coils. 

Active leakage is the flux that links stator coils 
between poles and creates a negative torque con^ionent. 

Stator innf is the demagnetizing component of armature 
reaction due to current flowing in the stator coils. 
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Figure 6.— Predicted Converter Performance at Rated Load. 




Performance of the system was analyzed over the SAE 0227(a) Schedule D driv- 
ing cycle with an Ai Research-developed coirputer program. This program predicts 
performance, losses, and energy consumption over any given driving cycle in 0.1 s 
increments. It includes the effects of the rolling resistance, gear losses, 
aerodynamic drag, cooling system losses, vehicle mass, and event times. It can 
be used with either mechanical or dynamic braking of the vehicle. Transmission 
gear ratios and shift point are also considered. The program then plots a curve 
of vehicle speed, motor speed, motor torque, and various other power and energy 
curves. The vehicle characteristics assumed for this analysis are given below; 

Vehicle curb weight, including passengers = 1350 kg (3000 lb) 

Vehicle frontal area = 1.86 m2 (20 ft2) 

Aerodynamic drag coefficient, Cp = 0.3 

Tire rolling resistance coefficient, Rr = 0.008 N/N (Ib/lb) 

Rolling radius of tires = 0.29 m (11.5 in.) 

In addition, a two-speed transmission is assumed with automatic gear shift- 
ing occurring at 56.6 km/hr (35 mph). Gear ratios are 27.37:1 and 15.996:1, 
resulting in the motor operating at 100 percent speed (1466 rad/s) at vehicle 
speeds of 56.6 km/hr (35 mph) and 97.1 km/hr (60 mph). Mechanical braking of 
135.5 N*m (100 ft-lb) of wheel torque is applied during regenerative braking to 
stop within the required time. 

The resulting baseline motor and vehicle performance over the 0227(a) D 
driving cycle is shown in fig. 7. Fig. 8 is an example of the various motor 
curves used by the program in determining vehicle performance. Each variable is 
plotted as a function of motor speed, with motor current as a third parameter, 
and for both brake and drive modes. 

Alternate maqnet design .— A design option that was not chosen for this program 
was the use of an alternate, lower-cost magnet material than the rare-earth 
cobalt. However, a preliminary design for the rotating machine was conducted 
using a strontium-ferrite magnet approach. A discussion and summary of this 
approach is presented in appendix D. 
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Power Converter 


Basic considerations — The converter's function Is to transform the vehicle 
primary electric dc power to the variable voltage and frequency power required by 
the permanent magnet (PM) motor drive assembly* Fig. 9 shows two methods for 
acconf)11sh1ng this requirement: conventional and advanced. 

The converter selected for the advanced motor program employs a method In 
which regulation Is acc(^11shed by pulse width modulation (PliM) within the Inver- 
sion process. Thus, as shown In fig. 10. the Inverter transistors. Indicated as 
switches, are sequentially closed, then opened, to provide current In a precise 
and synchronized manner In relationship to the electromotive force (EMF) generated 
by the PM motor. Each transistor switch can conduct for up to 120 electrical 
deg; however, durina the 120-deg Interval, PUM (the turning on and off of the 
transistor switches) controls or regulates the current flow through the PM motor 
windings. Thus. In the advanced converter method, power Is handled only once. 

This provides for fewer power and logic-level circuit c(»nponents. The benefits 
of this approach are lower converter cost, smaller converter size and \d«1ght. and 
Increased overall converter electrical efHclency In canparlson with existing 
two-stage converter technology. 

Interface with the PM motor can be achieved by either of two types of 
Inverters: voltage or current source. 

Voltage-source Inverters have capacitor banks acruss their dc terminals that 
maintain a nearly constant dc voltage. Ripple current circulates through these 
capacitors and is generally the determining factor In bank size and rating. Typi- 
cally, once capacitors have been selected to withstand the ripple current, the 
capacitance value Is such that the voltage ripple Is negligible. Very little of 
the dc current ripple flows through the source; most of It flows through the dc 
capacitors. The output waveform from a voltage-source Inverter consists of a 
fundamental voltage and a spectrum of harmonic voltages. Interface of the 
voltage-source Inverter with the PM motor requires S(w« form of rotor position 
sensor to determine the relationship between the applied-inverter output voltage 
and the motor rotor position. 


Current-source Inverters use an Inductor in series with one or both of their 
dc Inputs. The inductor is usually sized so that the dc current ripple Is small. 
The Input voltage, therefore, has a ripple content reflected from the load 
current. All of the dc current ripple flows through the source; this ripple may 
be reduced by using a larger Inductor or higher switching frequency. State-of- 
the-art power transistors can operate at frequencies high enough to allow the 
internal Inductance of the PM motor to serve as the required Inductance. Thus, 
no external or added Inductors are required. The output waveform frcrni the 
current-driven Inverter consists of a fundamental current and a spectrum of 
harmonic currents. Interface of the current-source Inverter with the PM motor 
requires some form of rotor position sensor to determine the relationship between 
the current delivered to the motor windings from the Inverter and motor rotor 
position. 
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(a) Conventional tnethod 



(b) Advanced method 


A4I740 


Figure 9.— Converter Configurations. 
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For both the voltage- or current- source inverters, the power components are 
nearly identical. The primary differences are within the logic or control method 
ology. A brief description and disucssion of the functional aspects of each type 
of converter-PM motor configuration follows. 

Voltagr >ource inverter: The voltage source inverter provides, at its 
terminals, a low-in^}edance voltage that can be supplied to a passive or active 
load. When the load is passive, as in the case of a resistor, the output current 
is a function of voltage, and control is relatively single. 

When the load is active, as in the case of a permanent magnet (PM) motor, 
the situation is different. The single-phase equivalent circuit for a voltage- 
source inverter is given in fig. 11. For such a system, the real power transfer 
is acconq>lished only by varying the phase angle of the voltage source with 
respect to the motor back-EW^. Current, however, can be increased between the 
source and motor by adjustinc voltage. This circulates power between the load 
and source, and essentially only heats up tl.'=‘ components, contributing nothing to 
the useful torque of the system. 



Fig. 11.— Equivalent Circuit, Voltage-source Inverter. 

As a consequence, two sense mechanisms and two independent control systems 
are required to control motor current and torque. 

Typically, the control electronics required for such a system are much 
slowe ■ to respond than those used for the corresponding current-source inverter, 
and are considerably more complex. For these reasons, the voltage-source 
inverter was not selected for the advanced motor converter. 

Current-source inverter: The basic Inverter schematic is given in fig. 10. 

In this diagram, the transistors are turned cn by the gating logic as a function 
of rotor position in relation to the stator. Torque is controlled by means of 
the amplitude of the dc-link current, and regulated by the current source. 
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The sin^plest way to consider the operation of the inverter PM«nwtor is at 
zero speed in the drive mode. Assuming use of a three-phase, two-pole motor, by 
exciting two of the windings and taking into account the polarity of excitation, 
there are six possible vectors associated with the resultant fundamental magneto- 
motive force (MMF) of the stator (fig. 12). Maximum torque is achieved when the 
rotor flux and stator l*WF are at right angles. With only six possible vectors 
for positioning the stator ?#1F, maximum torque cannot be maintained for all rela- 
tive rotor/stator positions. However, by maintaining the stator MMF at an angle 
of 90 +30 deg to that of the rotor flux, the torque pulsations due to rotor posi- 
tion can be minimized to approximately +7 percent. 

To maintain torque as the rotor rotates past 60 electrical deg, a new set of 
windings is selected based on the rotor position and direction, and the MMF wave 
is clocked around, thereby maintaining the relative angles at between 90 +30 deg. 

The MMF can be rotated through the use of transistors or thyristors. The 
simplest system uses transistors as shown in fig. 13. The switching mechanism 
turns on the A+ C- transistors for 60 electrical deg, then B+ C-, B+ A-, C+ A-, 

C+ B-, A-»- B-, and finally returns to A+ C- devices. 

Complete operation of the inverter requires that it provide for the reactive 
or lagging current flow due to the inductance of the PM nwtor windings. For this 
reason, each transistor has an associated diode to allow for continued current 
flow. Fig. 14 S..OWS a diode (C+) associated with a transistor (C+) and the 
resultant current paths through the motor windings during the A+ to C- conduction 
period. 

As noted earlier, to minimize the number of devices used to control the 
clocking and, at the same time, control the amplitude of the dc link current, the 
current source and transistor gating scheme can be confined into a single unit. 

The current through the motor is determined by the voltage applied across 
the reactance of the two windings (see fig. 12), Application of a fixed voltage 
across an inductor causes the current to increase at a rate determined by the 
ratio of the voltage to the inductance. To limit and regulate the amplitude of 

the current, one of the two transistors can be turned off when the current 

reaches its desired value. When this happens, the current in the inductor flows 
through its corresponding freewheeling diode and the other transistor. This is 
illustrated in fig. 15(a) in which transistors A'*' and C” are both conducting. 

Fig. 15(b) shows the reactive current flowing through transistor A'*’ and free- 
wheeling diode C*", when transistor C" is turned off. Fig 15(c) shows the load 
current timing relationship to the conduction and freewheeling currents. 

By modulating the "on time" of one of the power devices with a simple 
hysteretic comparator/regulator, the current and torque can be controlled ii the 
motor. Further, if only two devices are gated on at any one time, each device 

being turned on for 120 deg, modulation of current can be achieved by the tran- 

sistor during its second 60 deg on-time. In this way, the additional heating due 
to the switching losses associated with the modulating transistor are equally 
distributed throughout the entire inverter bridge. 
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(b) Transistor A'*’ and Diode C*" Conduct Current 



(c) Current Waveform in PM Motor 
Figure 15.— Current Control. 
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In the brake mode, it is necessary that the inverter is able to return power 
to the source, thereby providing an active brake. 

One method of achieving this for the current-source inverter is shown in 
fig. 16. In the brake mode, only one of these lower transistors, A-, B-, or C-, 
is used to produce braking torque. In fig. 16 this is accomplished by turning on 
transistor B-, which essentially short-circuits all three of the motor windings 
through the freewheeling diodes, producing current and torque. When the current 
reaches its maximum or desired value, the transistor is turned off, and the cur- 
rent freewheels through diodes B+, A-, and C-. This energy is regenerated to the 
source. If the source is incapable of accepting the energy, a resistor (R) can 
be placed in parallel to dissipate the energy. The value of this resistor can be 
nwdulated by a series transistor (Q) to vary between infinite (transistor off) to 
the value of the resistor (transistor full on). In this way, a simple control 
loop can select the duty cycle on the transistor to dissipate exactly that amount 
of energy that is being regenerated. 


Converter/PM motor interface.— Optimization of the converter/PM irotor perform- 
ance requires that the electrical characteristics of each are fully compatible. 

In establishing the converter design, PM-motor frequency and voltage range as 
well as specific machine resistances, were critical design factors. For the PM 
motor design, converter cyclic and subcyclic waveforms, as Wsll as the maximum 
allowable machine reactances, are critical. The effect and interaction of these 
parameters have been well established through previously proven AiResearch designs 
and applications. 

A key element in the analysis and optimization of these interfaces is the 
use of an AiResearch-developed computer model for predicting the converter/PM-motor 
interface waveforms and overall performance (figs. 17 and 18). Fig. 17 shows the 
typical PM-motor EMF voltage and inverter-produced line current at rated speed 
and load conditions. The shape of the current waveform reflects a full 120 deg 
transistor conduction. Fig. 18 shows the same parameters except at reduced speed 
and increased current; typical of the PM-motor acceleration at 50 percent of rated 
speed. Note nat the inverter-current waveform shows more than two peaks, indicat- 
ing that PWM action is being used to control the inverter-produced line currents. 

Inverter design considerations: The baseline PM motor electrical ratings 

were 26.73 kVA, 0.993 PF, 81.0 V (L-N), 110.46 A, three-phase, 1867 Hz, with an 
efficiency of approximately 93 percent. The power requirement for the converter 
is derived through the following equation: 

p ^ kVApm (PF) ^ (26.73) (0.993) 

Epm 0.93 

Pc = 28,540 W 

Based on the selected dc battery-source voltage of 240 Vdc, the load current 
into the converter is calculated to be nominally 118.9 A dc. This value must be 
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Figure 16. --Inverter Operation During Regeneration. 
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Figure 17.— Typical Phase Waveforms at Rated Speed and Load Conditions. 
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Figure 18.— Typical Phase Waveforms During Acceleration. 
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increased by at least the peak ripple requirements for the aforementioned current 
control concept. This requires an approximate 15 percent increase, which estab- 
lishes the maximum nominal load current that each transistor must control, at 
turn-off, of 136.8 A. 

During transistor turn-on, the transistor current consists of the load as 
well as the recovery current of its associated freewheeling diode. Fig. 19(a) 
illustrates the inverter circuitry and fig. 19(b) shows the resultant idealized 
transistor current. At tin«, ti, transistor A- is turned off. The load current 
then freewheels through diode A+ until it reaches the minimum predetermined load- 
level at time t?. Transistor A- is turned on at a current level consisting of 
the minimum load plus the recovery current from diode A+. For high-switching 
applications that are required in a PWM-inverter, unless a high-speed or fast- 
recovery diode is used, the recovery current can exceed the maximum load current. 
Therefore, in an PWM-inverter application, the transistor peak-current rating 
must account for its associated diode characteristics. 

In terms of transistor-switching parameters or limitations, the peak turn-on 
current is associated with its forward bias safe operating area (F6S0A) and the 
peak turn-off current is associated with its reverse bias safe operating area 
(RBSOA). 

As a result of initial laboratory testing of the selected baseline switching 
transistor. Power Tech Model PTM 30080A, was judged to have an unsatisfactory 
switching capability. Also, at that time, there were no other single transistors 
available with the required capability. As a result, the design of the transistor 
switch was changed to six Motorola MJ10016 devices in parallel for each of the 
six switch positions. This action, although it did not affect the inverter con- 
cept, produced a significant impact on power unit complexity, size, and parts 
count. The selection of the Motorola transistors was based on their successful 
application in similar PM-motor converter drive programs. 

During the past four years, significant progress in the development and 
availability of high-power switching transistors has occurred. Thus, 1982 state- 
of-the-art transistor technology does allow for a single transistor switch for an 
inverter rating up to 100 kVA. This fact is, in part, based on AiResearch labora- 
tory testing as outlined in the power transistor section that follows. 

Power transistors: AiResearch continuously nronitors the state of the art in 
power transistors suitable for power-conversion equipment, and maintains an inter- 
nally funded test program to evaluate the devices. The dedicated test console 
was designed and fabricated to test and evaluate these power transistors. Testing 


is conducted to verify manufacturers' 
(a) Switching characteristics 

ratings according to the following parameters: 

• 

Rise time 

(tr) 

• 

Fall time 

(tf) 

• 

Storage time 

(ts) 
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(a) Inverter Circuitry 



(b) Transistor Current 


Figure 19.— Transistor Operation. 
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(b) Conduction characteristics 

• Saturation voltage (V^e Sat) 

(c) Gain characteristics 

• Forced beta (^FE) 

(d) Thermal 

• Junction - case thermal resistance (^ej.c) 

In addition, the devices are tested to reveal characteristics that are criti- 
cal but for which ratings may not have been established by the manufacturers. 

Such characteristics may be: 

e Forward and reverse bias safe operating area (FBSOA and RBSOA) 

• Stored charge time at other than specified conditions 

t Static and dynamic parameters that affect the ability of devices to 

operate in parallel (to achieve greater power capability) or In series 
(to achieve higher voltage capability) 

The test circuits are application-oriented to ensure that observations are 
as realistic as possible. Primarily, the transistors are tested in the chopper 
and Inverter modes of operation with inductive load switching at frequencies from 
hundreds of Hz to thousands of Hz. Standard test circuits are used to establish 
a common basis for the evaluation of each state-of-the-art transistor. Figs. 20 
and 21 depict the standard test circuits used. 

Basically, two types of bipolar transistors have been evaluated: the bipolar 
single configuration and the bipolar Darlington configuration. Typical configura- 
tions are shown In fig. 22 and a brief comparison follows. 

Examples of i>tate-of-the art power transistors that have already been evalu- 
ated are shown In Table 3 and fig. 23. In addition, there Is a continuous 
AIResearch R&D program to evaluate the new power transistors as they becon« avail- 
able from the manufacturers. Exan^les of son« of the new devices that will be 
evaluated In the near future are listed In Table 4. 

Bipolar single: Generally the high-voltage bipolar, single transistors have 
relatively low gain (hpE) at high collector currents, which results In a large 
base drive requirement. The state-of-the-art power single transistors have a 
gain of only 5 to 10 at 100 A of collector current. Thus, for a 400-A collector 
current, the base drive requirements are 40 to 80 A. Such a large base d»*1ve 
usually results in larger size, higher cost, and an overall less efficient system, 
even though single transistors tend to have lower saturation voltage (VcE Sat)* 
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Figure 21.— SlR^llfltd Test Circuit for Inverter Leg Configuration 
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Figure 22.— Typical Transistor Configurations. 
TABLE 3. -STATE-OF-THE-ART POWER TRANSISTORS. 


Manufacturer 

Part 

Number 

Manufacturers' 

Ratings 

Transistor 

Type 

VCE, 

V 

ic. 

A 

Power Tech 

PT3523 

400 

90 

Bipolar 

Westinghouse 

D60T 

BOO 

200 

Bipolar 

Westcode 

WT5705 

450 

200 

Bipolar 

Motorola 

MJ10016 

500 

50 

Bipolar Darlington 

Toshiba 

2SD648 

300 

400 

Bipolar Darlington 

General Electric 

067DE5 

500 

150 

Bipolar Darlington 

Fuji 

ET-127 

520 

250 

Bipolar Darlington 
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Figure 23. —Comparative Transistor Test Evaluation. 


TABLE 4. -NEWEST POWER TRANSISTORS IN PRODUCTION 


Manufacturer 

Part 

Nutid)er 

Manufacturers ' 
Ratings 

Transistor 

Type 

VCE, 

V 

IC, 

A 

Fuji 

ET-109 

900 

50 

Darlington 

Toshiba 

2SD1034A 

450 

300 

Darlington 

Toshiba 

2SD1166 

900 

200 

Darlington 

Westinghouse 

D7ST 

500 

100 

Bipolar 

General Electric 

D67NGE 

500 

100 

Darlington 

Westcode 

WT5700 

500 

350 

Bipolar 


Bipolar Darlington: The bipolar Darlington transistors generally have higher 
gain, v^hich results in a relatively small base drive requirement. The state-of- 
the-art nigh-voltage, high-current Darlingtons have forced gains (hpE) of approxi- 
mately 50 to 100 at 100 A of collector current. For a 400-A collector current, 
the base drive requirements are only 4 to 8 A, thus, there is at least an order 
of magnitude difference for the base drive requiren^nt between the single and the 
Darlington transistor configurations. There are several different configurations 
of the state-of-the-art Darlingtons available on the market. The Darlingtons 
that have a second base available outside the package or a built-in speed-up diode 
have the advantage of faster switching times, which result in lower switching 
losses and a capability of higher frequency switching operation. Sonw of the 
currently marketed Darlingtons have an inherent substrate (effective) inverse- 
parallel diode that is not characterized and, in many cases, is incompatible with 
the Darlington switching speeds and currents. This can cause problems in some 
inverter applications. AiResearch has studied this phenorrenon carefully through 
internally funded research and development testing. The solution usually results 
in adding components to block this undesirable inverse-parallel diode. 

There are other state-of-the-art power Darlingtons available that eliminate 
this inherent substrate (effective) inverse-parallel diode and, at the same time, 
provide a fully specified and compatible inverse-parallel diode that may ba suc- 
cessfully used to replace the external freewheeling diode in inverter applications. 
Such a Darlington reduces the component count and assembly complexity, providing 
the benefit of size and cost reductions. 
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Advanced nwtor converter. —The functional elements of the power circuits of 
the advanced motor converter are shown in fig. 24 with the detailed circuit 
schematic SK820910 Included In appendix E. 

The proposed inverter concept utill 2 es the inherent motor Inductance to 
limit the rate of rise of current in the power circuit. When the rate of change 
of current is controlled within reasonable boundaries, the waveform qeneration 
and transistor modulation frequency can be held within satisfactory limits. The 
resultant design of the advanced motor produced an Internal inductance far lower 
than conventional designs. Consider a le innovation and redesign of the Inverter 
was necessary to limit the transistor-switching frequency and maintain waveform 
Integrity, while maintaining low weight and high efficiency. The impact of the 
redesigned inverter concept involved increased control complexity, additional 
power components, and significant modification to the computer simulation used to 
investigate the effects of the new oasign. 

A de«icription of the operation and salient features of the converter func- 
tional elements follows. 

The three diodes in ele , 31 - A1 block the reverse current flow through the 
slow-recovery inverse-parallel diodes associated with the six power transistors 
in element A4 (fig. 24). The reverse or freewheeling current is forced through 
the three diodes in clement A2. Both sets of diodes are fast-recovery types 
(Motorola MR876) that minimize the turn-on stress of the power transistors in the 
A-inverter leg. 

At the outset of the program, it was the opinion of several transistor sup- 
pliers that a power-switching transistor could be designed to operate without 
transient protection, i.e., without snubber networks to limit rate of rise of 
current (di/dt) or rate of rise of voltage (dv/dt). Transistor and circuit 
modeling showed that although di/dt stress can be controlled by inherent lead 
length within the inverter layout or through the use of fast-recovery diodes, the 
dv/dt stress still requires added components for proper transistor protection. 
These added components can be minimized, however, by optimum selection of the 
power transistors and diodes, as well as specific attention to the inverter 
wiring associated with generation of such voltage stress. For the Motorola 
MJ10016 transistors and the anticipated breadboard layout of the inverter, the 
components within element A5 were provided. 

The base drive circuitry, element A3, is common to all upper or positive 
inverter legs. The base drive circuitry for the negative inverter legs are some- 
what different: The selection of high-gain Oarlingtons over the single transis- 

tors for the switches in the PWM inverter reduces the base drive requirements 
considerably. The typical gain of the Oarlingtons used is in excess of 21 at 
25-A collector current; meaning that less than 8 A of base current will be 
required to drive six paralleled Oarlingtons per switch location. 
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Since the drive-current requirement is relatively low, metal oxide 
semiconductor field effect transistor devices (l^SFETs) can be very effectively 
used as drivers. MOSFETs have the significant advantage of faster switching 
speeds, and lower switching losses, if used properly. AIResearch is constantly 
evaluating the state-of-the-art MOSFET devices under an internally funded R&O 
program and has proven experience in the successful application of such devices 
to drive power stages. For this program, state-of-the-art WSFET devices were 
selected for the drivers in proven circuit configurations. 

Since consideration is given to the selection of circuit techniques that 
enhance the rapid turnoff of the power Darlingtons. Faster turnoff results in 
lower switching losses and safe operation. The upper base drivers utilize a 
resistor-inductor network in parallel with the power transistor base to emitter 
terminals. Therefore, when the base drive is turned off, the stored energy in 
the inductor causes it to reverse its voltage polarity, which forces negative or 
"sweep-out" current through the base to the emitter junction o^ the pc^er transis- 
tor. The lower drivers utilize a negative 5 Vdc source and a second MOSFET to 
accomplish a similar function. In either case, the circuit action improves the 
switching characteristics to maintain the power transistor performance within its 
RBSOA rating. 

The upper and lower transistor turn-off circuitry is different since it was 
anticipated that the high-frequency switching, or PWM, would be performed by the 
lower transistors and they required an active turn off method. Subsequent analy- 
'Js showed that it is better to have all six inverter legs operate in the PhW 
mode. This is accomplished by logic control wherein each power transistor is 
used in the PWM mode for 60 deg of its normal 120 deg conduction period. 

To monitor the total PM motor load current, two current sensors (IX) are 
utilized. Their outputs are summed within the logic circuitry, as required for 
control and protection purposes. The sensor configuration allows for both real 
(elements A1 and A4) and reactive (element A2) current monitoring. 

The series inductors are required to limit the PWM frequency to approximately 
15 KHz. The baseline design was based on the use of the PM irotor -winding induc- 
tance to limit the rate of rise of load current during the PWM intervals. However, 
the initial PM motor design resulted in only a 0.15 per unit commutation reactance 
(Xc Du)* approximately 50 percent of the required value needed to eliminate the 
neeS for such external inductances. As seen in fig. 15a, the increase of current 
through the PM nrator-winding inductance is approximately: 


where : 

AI = Current increase during time At 
V = Circuit-forcing voltage 
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At » On-time of the power transistor 
Lc = PM motor commutation Inductance 


and: 


_ Xc, pu V(L-N) 
2wf I 


where: 

^c, pu = PM motor commutation per unit reactance 
f = PM motor rated frequency 

I = PM motor rated line current 

V(L-N) = PM motor rated line-neutral voltage 
Substituting the original design parameters: 


V. 1.^ ox 

•-C “ 27t( 1867) no " 

Since the value of Lc is small, additional external inductance is required 
to increase T or decrease fpy^ to the desired 15 kHz limit. The total external 
inductance required is 66 /xH for both the drive and regeneration current loops. 
Thus, an inductor with a minimum inductance of 66 mH is required in each of the 
positive and negative input dc lines as shown in fig. 24. 

The final functional element associated with the converter power circuit is 
the power supply for the transistor base drives and the logic control circuitry. 
The circuit is shown in schematic SK820910 included in appendix E. 

The power supply consists of a single-phase, 75 kHz, high-frequency inverter 
operating from a 12 Vdc battery source. The supply provides two +20 Vdc sup- 
plies, four +6.5 Vdc supplies, and one -5 Vdc isolated supply with a combined 
rating of 253 W. 

Advanced motor control logic: The functional basic block diagram for the 
advanced motor control system is shown in fig. 25. Within the system there are 
four basic modes of operation: start, drive, transistion, and brake. 

Start mode: As previously indicated, proper controller to PM-motor inter- 
face requires that the current delivered to the motor windings be synchronized to 
the motor-generated EMF. However, at stall or low-speed motor conditions, the 
generated EMF is insufficient to be electncally sensed. Thus, an electro- 
mechanical position sensor, an integral part of the PM motor, is used to deter- 
mine sequential operation of the inverter so that the inverter current is applied 
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Fig. 25.— Basic System Block Diagram. 


to the correct windings and in the required relationship to the machine rotor. 

At approximately 10 percent of rated motor speed, the inverter logic automati- 
cally changes from position to EMF synchronization. Thus, during all PM motor 
speeds, the inverter current is in phase with the EMF voltage, which results in 
the PM motor operating at a desirable high input-power factor, or near unity. 

The position sensor is discussed further in appendix F. 

Drive mode: Acceleration or deceleration are programmed or commanded by 

positive or negative tractive effort or torque. Since PM motor torque is propor- 
tional to the dc current into the inverter and this current is easily monitored, 
the actual system will respond to current command signals. Using PWM within the 
inverter will allow the PM motor to accelerate under constant torque conditions. 
As the motor nears its rated speed, the commanded torque or current will be auto- 
matically reduced by the motor-speed feedback signal. 

Transition mode: Transitions from the drive-to-brake mode and vice-versa or 
the forward-to-reverse mode and vice-versa are controlled within the logic cir- 
cuitry. Adequate safeguards are provided to ensure proper system conditions are 
met prior to and during these transitions. These transitions are rate-limited so 
that abrupt changes can not occur in excess of normal vehicle operation except 
when brake is commanded. In addition, forward-to-reverse transitions require the 
vehicle to be controlled to a stop mode, followed by system sequence changes that 
provide for the selected mode. 
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Brake mode: During brake or deceleration conditions, the PM motor generates 
an output voltage that Is proportional to Its speed. Therefore, for a fixed 
value of brake resistance, the energy available for deceleration would normally 
decrease as the square of the motor speed or voltage. However, using the PWM 
capability of the inverter, the energy can be held constant, at Its maximum 
value, from 100 percent to approximately 20 percent of the rated motor speed. 

This results In the ability of the converter to more rapidly decelerate the PM 
motor in the event of abnormal operation. 

Logic circuits: The baseline control concept uses conventional technology 
to Implement the inverter switching sequences, provide the drive-brake transi- 
tions, forward-reverse maneuvers, and protective features. Early In the design 
phase, the conventional approaches were replaced in favor of field-programmable 
logic arrays (FPLA) and read only memories (ROM) so that the advanced motor 
system with Increased inverter complexity could have advanced technology control 
logic. This approach, Instituted to provide lower cost for future applications, 
required considerable evaluation of candidate devices and subsequent design 
effort to properly interface these relatively new logic elements into a suitable 
configuration for this application. This effort included design of control 
functions compatible not only with the basic requirements of the more complex 
Inverter and motor, but also with features that are involved with the application 
of the advanced motor to a vehicle drive system. 

To implement the required control, monitor, and protective functions, six 
specific circuit designs were completed. The final circuit design. Interface 
logic, was not completed because problems with the PM motor development put all 
converter activities on hold. The circuit designs are listed in table 5. Com- 
pleted schematics are included in appendix F. 


TABLE 5, -LOGIC CIRCUIT SCHEMATIC DIAGRAMS. 


Title 

Schematic Drawing Number 

Inverter 

2001564 

Sync and speed decoder 

2001592 

Current sense and comparator 

2001566 

Drive-brake direction and tractive effort 
pause 

2001556 

Fault protection and tractive effort pause 

2001558 

Base drive power supply logic 

2001570 

Power supply 

2001560 

Interface 

Incomplete 


4b 




within the schematics various terms are used to define the Input/output 
functions. Of those, the following definitions apply: 

Tractive effort pause: A protective function wherein the tractive effort 
(TE) or current command Is reset to zero for such time as required to correct the 
Initiating f»iult condition. 

QSAT: A protective monitoring function that Indicates that a power transis- 
tor within the main inverter has not switched to a predetermined low-forward con- 
duction state subsequent to the application of a positive base drive. 

System Interface : Due to the PM nwtor problan, the full Integration between 
the converter power, converter logic, and PM motor was not completed. However, 
fig. 26 Indicates the general Interface requirements with the exception of the 
Interface logic. Such logic would typically be required for signal conditioning 
or system status readout functions. 

Except for the analysis and preliminary schematic, work on the converter was 
postponed In April of 1979, until the successful development of the functional 
model rotating machine. Section 7 covers the follow-on activities. 
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Figure 26.— System Interface Block Diagram. 





PROOF-OF-PRINCIPLE MODEL MOTOR DEVELOPMENT 


The unique construction of the axipolar machine with an Ironless stator 
required an extensive amount of development and tooling for fabrication ana 
assembly of both the rotor and stator assemblies. Each of these areas Is dis- 
cussed separately below. 

Stator assgnbly .— The first task associated with the stator assembly was 
determination of acnievable bend radii of the Individual stator colls. Bending 
of the colls Is necessary In order for colls of all three phases to lie In the 
same plane. Fig. 27 shows how the colls Interleave to achieve a minimum air gap 
and maximum packing factor In the tangential direction. The Information on bend 
radii was necessary as an Input to the computer program so that the proof-of- 
prlnclple design could be completed. Fig. 28 Is a partial schematic of the 
stator winding, showing how colls are connected and the current path for a given 
condition. 

Initial evaluation of the stator colls was accomplished by procuring a 
readily available strip copper with approximately the right dimensions. Fig. 29 
shows a picture of one of the first colls wound before bending. It was found 
that the colls could be formed with a 3.4-mm bend radius. This Information was 
used to help select the final design configuration of the colls and stator 
assembly. 

A trapezoidal -shaped winding bobbin was used to machine-wind the colls. The 
properly sized bare strip copper wire was fed Into the winder with a 0.05-mm 
kapton layer In between each of the 20 turns. Each coll was then Impregnated 
with a silicon varnish (see table 7) to help It retain Its shape during bending. 
Coll bending tooling was designed, and after a few im)d1f1 cat Ions, colls were made 
that deironstrated the proposed bending technique was suitable. Fig. 30 shows the 
forming tooling. 

Electrical data were taken on the Individual colls to check the Insulation 
system and to obtain the actual resistance and Inductance values. Typical data, 
along with calculated values, are presented In table 6 below. 


TABLE 6. -ELECTRICAL TEST DATA ON INDIVIDUAL COILS. 


Sample Description 

Resistance at 
210C, n 

Inductance. mH 

1. Unwound strip (2.845-m long) 

0.075 

- 

2. Wound, unvarnished 

.075 

0.026 

3. Wound, varnished, not formed 

.075 

.026 

4. Wound, varnished, formed 

.076 

.027 

5. Calculated (nominal) value 

.066 

.031 
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Figure 27. --Stator Assembly Construction Concept. 
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Figure 28. --Stator Winding Schematic with Connection and Pole/Interpole 
Representation. 
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The next stage of stator assembly involved aligning all 48 coils into their 
proper orientation and phase groups and bonding them together into the aluminum 
stator ring. Special tooling was designed and fabricated to accomplish this. 

This tooling consists of two outer alimiinwn rings that locate the stator coil 
support ring and two inner aluminimi rings that register on the outer portion of 
the tooling and have the shape of the coils. This tooling is shown in figs. 31* 
32, and 33. 

Bonding was accomplished using a one-part thixotropic adhesive epoxy (ref. 
table 7). Two 1.63-mm-diam insulated Inconel rods were bonded in place on the 
i.d. to provide some structural rigidity to the assembly. The outer portions of 
the stator coils were bonded to the aluminum coil support ring, with the epoxy 
providing both electrical insulation and structural support. 

After curing and removal frcxn the alignment fixture, the stator assembly was 
found to have electrical shorts between phases and from phases to ground through 
the housing. A review of the winding and manufacturing techniques was made. It 
was decided that the fixture would be modified to use phenolic Instead of 
aluminum in the portions holding the coils. This permits dielectric evaluation 
during all phases of construction. In addition the coils were reduced from 20 
turns to 19 turns to provide increased insulation between coils, and the stator 
housing was modified slightly to provide more clearance to ground. 

The electrically faulty stator assembly was checked for mechanical integ- 
rity. The assembly was cycled from room temperature to 205®C (40(^F) and checked 
for cracks and mechanical shifting. After these cycles, which included a total 
exposure to 205OC (400°F) for 13 hr, no measurable shifting or cracking was 
found. 

A new stator assembly was constructed using the modified tooling and hard- 
ware. During this build-up, dielectric and megger tests were used to ensure that 
there were no shorts between coils and phases or between the winding and ground. 
The winding was then potted to its support housing successfully, with no electri- 
cal faults. 

The stator assembly was completed by attaching four circular bus rings to 
the stator-support housing through Teflon spacers and plastic screws. These bus 
rings, one for each of the three phases and one for the neutral, collect and dis- 
tribute current from each of the eight parallel circuits in each phase (see con- 
nection diagram on drawing 2042900 in appendix E). Leads from the coils were 
brazed to the bus rings. Rectangular copper sections were then brazed to the bus 
rings and extended through holes in the end bells to provide the attachn^nt point 
for electrical power from the electronic converter. A picture of the completed 
stator assembly is shown in fig. 34. 

During testing of the proof -of-principle machine, the stator coils over- 
heated and caused failure of the stator assembly. The failure was attributed to 
electrical shorts in the coils, causing excessive heating and mechanical 
shifting. 
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Subsequent evaluation of the materials and techniques of the stator assembly 
resulted in the conclusion that a reliable stator assembly could be built only by 
using an enameled copper wire instead of the bare copper used previously. The 
concern in this approach is achieving an even coating of enamel, with sufficient 
thickness to achieve the desired electrical insulation and still adhere well 
enough on the thin edges to prevent mechanical cracking or crazing during winding 
of the coils. It was decided to use a coating of ML, a polyimide film with a 
class 22QOC rating. 

This led to a development period with the magnet wire vendor where various 
coating techniques and processes were evaluated. Initial samples had too thin a 
coating to achieve the proper electrical properties. Thicker coatings resulted 
in cracking of the insulation when the wire was flexed. The wire was tested by 
applying voltage to an insulated conductor submersed in salt water, with the elec- 
trically conductive salt water acting as the only return path for current. This 
technique provides assessment of the insulation on the full surface area of the 
submerged conductor. 

Wire was produced successfully by using a "quad-ML” coating, that is, by 
coating the wire and curing the enamel four times. The total resulting insula- 
tion thickness was 0.025 to 0.030 mm. The bare wire dimensions were 0.220 +0.013 
mm by 3.367 +0.178 rmn. These dimensions allowed the return to the original design 
number of 20 turns per coil, and the coating resulted in improved electrical and 
mechanical properties. A new stator assembly was built using the ML-insulated 
wire. This stator passed all electrical tests and was tested to full current and 
power during the proof-of-principle motor tests. 

Rotor assembly . — The rotor assembly, shown in fig. 35, mainly consists of 
the two identical rotor pole pieces, the magnet, the magnet containment ring, and 
the tiebolt/shaft. For this program, the pole pieces were machined out of a 
solid bar, but the design is such that they could be either forged or cast with 
minimal machining for purposes of economy. Each pole piece, made of 4340 steel, 
consists of a central section that mates with the magnet and eight "fingers" that 
extend radially and then bend to an axial direction. The eight steel poles plus 
their associated interpoles result in a 16-pole conf iguration. 

The magnet is a pancake-shaped cylinder of material that actually is com- 
posed of several smaller pieces borided together. The o.d. and shaft hole are 
precision ground and the magnet is fully magnetized in the axial direction. The 
magnet material used was a 15 MGO samarium-cobalt material (see drawing 2047221 
in appendix E). While this is an expensive material, it is believed that a 
mischmetal-cobalt material with similar properties will eventually be available. 
Mischmetal is a term used to describe the mixed rare-earth elements as they occur 
in nature. Samarium is a rare earth element that must be processed or refined 
into its pure state because it represents only 3 to 5 percent of the rare earth 
elements found in nature. The use of mischmetal in place of samarium in magnets 
would preclude the costs associated with this extraction process. As an alterna- 
tive, a samarium-enriched mischmetal-cobalt might also be developed at an inter- 
mediate cost and with intermediate magnetic properties. If in the future, the 
cost of samarium could be brought down through new source development or improved 
refining techniques, there is a cost benefit achievable by using even higher 
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energy magnet materials. Presently, 22 MGO material is readily achievable. The 
higher the magnet energy product, the smaller the magnet will be. This represents 
a cost reduction in the cobalt which is a significant part of the total cost. It 
is felt that a low-cost magnet material with good magnetic properties will be 
required for permanent magnet motors to be viable candidates for propulsion on 
electric vehicles. The use of ferrite 8 magnets instead of samarium cobalt results 
in a larger motor but eliminates the availability and cost problems with the magnet 
materials. A preliminary design was made for this motor application using 
ferrite 8. See Appendix D for the comparison. Table 7 presents a ccmiparison of 
properties and cost for the materials discussed above, Sm-Co 15 MGO, Sm*Co 22 MGO 
and ferrite 8. 

Rare-earth cobalt magnets are known to be very brittle and have poor tensile 
properties, making them subject to damage under rotational stress or during 
handling and assembly. Two steps were taken to ensure that no damage occurred to 
the magnet in this application. First, a thin, magnetically soft, steel plate 
(1.8-mm thick) was bonded to the magnet on each side to prevent damage during 
handling and assembly to the rotor pole pieces. Tooling used for this assembly 
is shown in fig. 36. Secondly, an Inconel 718 shrink sleeve was fitted over the 
o.d. of the magnet to keep the magnet in compression under all extremes of 
rotational stress and temperature. 

Smnari urn- cobalt magnets require a very high uniform magnetonotive force 
(greater than 30,000 oersteds) to achieve a fully charged condition. The rela- 
tively large diameter of the magnet used in the advanced motor presented problems 
in that conventional magnetization equipment was not capable of supplying the 
pulse energy necessary for magnetization. Present technology dictated that the 
magnet had to be made up from a number of smaller magnet sections. It was 
thought that magnetization of these individual smaller magnets prior to final 
assembly into the large disc would be a suitable procedure. Problems developed 
in working with these premagnetized pieces. There is an inherent high separating 
force between the separate pieces. Physical damage and partial demagnetization 
occurred during these assembly efforts. 

A search revealed that equipment capable of providing a uniform field of 
sufficient energy to magnetize a complete magnet was available at MIT's Draper 
Laboratory. The magnet detail was therefore fabricated complete by the magnet 
vendor (Recoma Inc). AiResearch then assembled the protective surface plates and 
shrink sleeve and returned the assembly for magnetization. Draper Labs then 
successfully accomplished the magnetization. 

Large magnetic forces are present when the magnet is brought near the rotor 
pole pieces. Rough calculations show that forces approaching 360WI (800 Ibf) 
exist while the unit is being assembled. This represents a safety hazard to per- 
sonnel as well as a danger to the integrity of the magnet (chipping and cracking 
is possible. Safe and successful assembly of the rotor was accomplished with the 
aid of special tooling. The magnet was first clamped firmly to an aluminum 
block. The first rotor pole piece was attached to an adapter that was held in 
place by the headstock of a vertical mill or other suitable machine. The table 
on the mill, holding the aluminum block and magnet, was then raised slowly until 
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TABLE 7.— PERMANENT MAGNET COMPARISON 
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the parts would mate, with the shaft tie bolt providing alignment. The magnet 
and pole piece ready for assanbly are shown in fig. 37. The magnet/pole piece 
assembly was flipped over and screwed to the aliRninimi base as shown in fla. 38. 
The second rotor pole piece was attached to the adapter and again the mill table 
was raised until assembly was complete. The rotor was balanced to within 5.0 
(10*9] N*m by bonding aluminum and steel splugs into axial holes In each rotor 
pole piece. 

Final assembly . -«For final assembly of the rotating machine, the rotor was 
partially disassemoled. Index marks on the two pole pieces allowed the reas- 
sembled rotor to be in the s^e configuration as it was when balanced. The 
stator assembly was inserted between the pole pieces and then reassanbled. The 
stator then “floated" in the air gap between the rotor fwles. The total 
mechanical clearance was measured. End bells were Installed and shims were added 
to center the stator between the poles. The end bells served to clamp the stator 
assembly In place and also contain the bearing inserts to position the rotor. 

The tie bolt was stretched hydraulically to a load of 31,100 N and the nuts were 
tightened. This .r«io clamped the rotor assenbly firmly together and also 
retained the driv spline adapter. Finally, a compression spring loads the rotor 
axially against the bearing shims to prevent the rotor from moving and rubbing 
the stator. 

After the initial assembly of the proof-of-principle motor. It was found 
that there was insufficient running clearance between the rotor and stator. 

Since the stator assembly is nonrepairable, the rotor jwle pieces were modified. 
Material was removed from the pole faces as well as the chamfered tips. This 
resulted in the successful assembly of the machine shown in fig. 39. Test data 
on this machine are presented later in the text. 

Motor Tests 

Preliminary magnetic circuit tests . --Some preliminary tests of the magnetic 
circuit of the axl polar machine were conducted to compare the actual performance 
of the proof-of -principal machine with the performance predicted by the math 
model . 

Fig. 40 shows the no-load waveform observed in a dynamic test where the 
rotor was turned at low speed (9.0 rad/s) with a pair of 19-turn coils connected 
in series and linking the pole flux as they would in the completed assembly. The 
fundamental component of no-load voltage predicted by the math model is 82.84 V, 

1 ine-to-neutral (L-N) per pair of 20-turn coils in series, at 1466 rad/s. 
Comparison on the basis of peak-to-peak fundanental volt^ per turn per Hertz 
shows that the actual effective flux linkage is 4.1 percent lower than predicted. 
Within the accuracy of the analyses, the test, and the magnetization of the 
magnet, this indicates that there is acceptable correlation between the math 
model and the hardware. 
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Figure 40. --No- load Voltage Waveform. 

Vertical scale: 0.2 v/cm 

Horizontal scale: 20 ms/cm 


NOTE: 

2 series coils, 19 turns/coil 
Winding factor, Kp x K(j = 0.9225 
V„ „ = 1.172 V at 11.47 Hz 

p-p 

'^fundamental, p-p “ 

= 0.00301 V/turn/Hz, p-p 

Math model prediction at no-load: 

82.84 Vi_n, fund x 2 x 2/40. 71866. 67 

= 0.00314 V/turn/Hz, p-p 

Per unit difference = -0.041 pu 




An independent test using a fluxmeter to read output of a single 20-turn 
coil when the rotor was rotated one pole pitch was conducted, the lowest flux 
linkage change measured was 9.06 (10-3) Wb-turns. The effective flux swing per 
pole is therefore: 

9 = Flux linkage change/( turns x winding factor) 

0 = 9.06(10-3)/ 20 X 0.9225 = 4.91(10-^) Wb 

The value predicted by the math model at no-load is 5.50(10"^) Wb 

The per unit difference is: (4.91 - 5.50) /5. 50 = -0.107 

It was not possible to obtain precisely repetitive readings from the flux 
meter. The highest value obtained was 5.20 (10-^) Idft) with a per unit difference 
of 0.055. This is more in line with the results observed in the dynamic test. 

It is believed that the results of the dynamic test are more precise and 
more meaningful. 

Low speed generator tests .— All testing of the proof -of-principle model was 
conducted by operating the machine as a generator. This approach eliminates the 
need for an electronic controller, but still provides significant data on the 
characteristics of the machine. The machine was mounted to a dynamometer through 
a gearbox and reaction-torque head. A reaction head between the dynamometer and 
the machine w^s used to measure the necessary dr.ve torque. The electrical out- 
put from the generator was connected to a three-phase full -wave bridge rectifier, 
which converted the output from ac to dc. The dc output was connected through a 
load resistor to a bucking dc generator. The dynamometer is used to drive the 
proof -of-principle model to the desired speed and then the bucking generator is 
adjusted until the desired current is reached. Electrical parameters were moni- 
tored by the use of ac and dc voltmeters and anmeters. Torque was determined by 
measuring the force on the reaction head. Thermocouples were used to monitor 
temperatures of the winding, bearings, coil housing, and inlet and outlet air. A 
schematic of the test setup is shown in fig. 41. 

Testing of the machine with the 19 turns per coil stator assenfcly was con- 
ducted up to 25 percent speed or 366 rad/s (3500 rpm) and 50 percent load 
current, or 70 A dc. As the speed was being raised to 50 percent, failure of the 
unit occurred at 702 rad/s (6700 rpm). The measured dc voltage versus dc current 
is plotted in fig. 42 along with the calculated curve for the 20 turns per coil 
machine and the estimated curve for the 19 turns per coil machine. It is seen 
that the regulation of the machine is quite close to the predicted value, but the 
no-load dc voltage is about 3.7 percent low. The precision of the electromag- 
netic analysis in predicting the basic flux level is therefore within the range 
generally achieved with permanent magnet machines on the first build. 

Another iirportant parameter of the machine that was measured was the com- 
mutating inductance of the winding. Evaluation at 25 percent speed and 25 
percent load showed a commutation overlap angle of 220 versus the predicted value 
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Figure 41 . —Advanced Motor Test Schematic. 
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Figure 42. --Proof -of-Principle Dc-Load Regulation 
Curve at 25 Percent Speed. 
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of 160 . This corresponds to a conwutatlng inductance error of 7.5 pH, with 
3.1 pH attributed to inductance of the lead wires in the test setup, a value not 
considered in the analysis. This parameter was evaluated further in later 
testing. 

Fig. 43 shows the no-load losses of the system versus speed for various con- 
figurations: 

(1) Complete assembly 

(2) Stator coils omitted to show only the losses due to windage, friction, 
and stray fields in the housing 

(3) Stator coils and magnet omitted to show losses due to windage and fric- 
tion only, all air holes open 

(4) Same as (3) with air holes closed 

The difference in the first two curves is due to circulating currents and 
eddy currents in the winding plus an indeterminant alteration of windage loss 
caused by the presence of coils in the air stream. The circulating current was 
likely due to a shorted turn or coil in the winding, ultimately causing the fail- 
ure of the stator. 

Full speed and load tests . --The construction of a new stator assembly with 
ML-coated conductors and 20 turns per coil resulted in testing of the proof-of- 
principle model to 100 percent speed and load, 1466 rad/s and 140 A dc, respect- 
ively. The laboratory test setup was the same as that used for initial testing 
{see fig. 41). 

Ac and dc regulation at full speed is shown in fig. 44 along with the 
calculated values. Fig. 45 shows the regulation curves for 25 percent, 50 per- 
cent, 75 percent, and 100 percent speeds. These curves again show that the flux 
is low but full power would be possible with some increase in rated current. An 
attempt was made to verify the commutating reactance, but the bridge rectifier 
used diodes with a slow recovery time. This prevented the precise determination 
of the reactance. Faster rectifiers would be used during later testing of the 
functional model. 

Thermal characteristics of the proof-of-principle model are shown in figs. 

46 and 47. Fig. 46 shows that the stator assembly is capable of continuous 
operation at full -.jrrent, with a resulting steady-state copper temperature of 
106°C when the rotor speed is 733 rad/s (70C0 rpm). However, fig. 47 shows that 
when operated at 160 A at full speed, 1466 rad/s (14,000 rpm), the stator conper 
temperature rises very rapidly. This is due to the copper absorbing the heav 
generated from high windage losses rather than copper losses. The motor losses 
were evaluated for different motor configurations, as seen in fig. 48. The total 
rotational loss at 1466 rad/s (14,000 rpm) was approximately 5500 W, versus a 
predicted value of 750 W. The main components of this loss are windage and pump- 
ing of air, and eddy current losses in the housings due to penetration by the 
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Figure 43.--Proof-of-Principle Losses At No-Load versus Speed. 
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Figure 44. — Proof-of-Principle dc and ac Load Regulation. 
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Figure 45. —Proof -of-Principle ac and dc Load Regulation at Various Speeds. 
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stray magnetic field of the rotor. Fig. 49 shows how the losses are distributed 
in conoarlson with the total predicted motor loss. The effect on efficiency Is 
shown in fig. 50; at full speed and full current, the generator efficiency Is 
only 75 percent as compared to a predicted value of 91 percent. In addition, the 
audio noise level exhibited by the machine was excessive frcxn a subjective point 
of view. Efforts will be made to reduce this effect and measurements will be 
made during testing. 

In summary: 

• Power output of 26 kVA, 22 kW at 1466 rad/s (14,000 rpm) was 
demonstrated. 

t The stator assembly demcnstrated continuous operation at 160 A dc, with 
minimum thermal distortion and no structural damage. 

§ Total rotational losses were approximately 5500 W, compared with 
approximately 750 W predicted. 

i The windage and housing eddy current con|)onents of this loss mre 
addressed In the functional model design. 

a Audio noise level of the machine was excessive and was also addressed 
In the functional model design. 

i The commutation reactance of the machine was not fully determined and 
was measured more accurately during functional model test. 
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Figure 49.— Proof -of-Principle Loss Separation at 140 A dc Load. 
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Figure 50. —Proof -of -Principle Efficiency versus Load 
at 100 Percent Speed 1466 rad/s {1400 rpm). 



FUNCTIONAL MODEL MOTOR DEVELOPMENT 


Windage tests .— Due to the large rotational loss measured on the proof-of- 
principle nK)del, an analytical review of the design was conducted with the aero- 
dynamic and thermal groups. The goal was to determine the nature of the windage 
loss, the minimum possible loss for the configuration under ideal conditions, a 
realistic goal for minimtjn loss with actual hardware, and the thermal impact of 
the proposed change in configuration. 

Aerodynamic analysis of a solid disk with the dimensions of the shrouded 
rotor, including the rim, results in a calculated windage loss of 465 W at 100 
percent speed. An additional loss of 100 W can be attributed to the movement of 
the rotor past the stator. A flow of air sufficient to reject 1000 W of heat 
with a temperature rise of 850C (necessary to cool the stator) would increase the 
shrouded disk loss by approximately 60 percent. Therefore, the minimun loss pos- 
sible for the general machine configuration would be roughly: 

1.6 X 465 + 100 = 800 W 

However, the rotor saliency would be expected to greatly increase this loss. 

Tests of a shrouded radial wheel gave windage losses about six times the loss of 
a solid disk. Therefore, a reasonable loss for the actual configuration would 
be: 


6 X 1.6 X 465 + 100 = 4564 W 

The actual loss measured on the proof-of-principle model confirms this analy- 
sis, and it can be seen that a significant improvement could be made by eliminat- 
ing the saliency of the rotor assembly. A series of tests were conducted to 
further identify methods of windage loss reduction and quantify the potential 
improvement. 

These tests were conducted by driving the proof-of-principle machine to a 
given speed by a dynamometer and measuring the torque necessary to accomplish 
this. The product of the torque and speed is power, which was then plotted graph- 
ically against speed. In addition, an audio sound level meter was used to measure 
the noise level seen with each configuration. A picture of the machine under 
test is shown in fig. 51 with the sound level meter in the foreground. The first 
configuration tested was with the stator assembly completely removed and with an 
aluminum disk replacing the magnet. The loss measured represents the windage 
loss of the rotor itself and the pumping loss due to airflow. This was -epeated 
with the inlet and exit air holes closed to eliminate the air pumping component. 

A dunmiy stator wa^ machined out of aluminum to simulate the ''ideaV' stator assem- 
bly, one with a completely smooth surface. This could be achieved with the real 
stator by encapsulating the assembly. Fig, 52 shows the dummy stator and magnet 
used during windage loss evaluation. Again, this test was repeated with the air 
holes closed. 
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The next step involved elimination of the saliency of the rotor assembly by 
filling the interpoles with a light-weight material. A two-part polyurethane 
foam material. Stathane 6508. was used for the initial testing. This material 
has a 128 kg/m3 {8 lb/ft3) nominal density for minimum weight Increase. Some 
difficulties were encountered In trying to mold the chamfered pole tips and in 
achieving equal mold densities In the eight-rotor Interpole areas. An acceptable 
configuration was completed, and is shown In fig. 53. Data were taken on this 
rotor with and without inlet and exit air holes open. Loss data for all the 
preceding configurations are shown in fig. 54, with the acoustical noise levels 
shown In fig. 55. Inspection of the loss data shows that the absolute minimum 
loss configuration tested uses a potted rotor, a smooth stator, a dummy magnet, 
and closed air holes. The loss at this condition is approximately 940 W. This, 
however, is not a realistically achievable loss for these reasons: 

(1) Some airflow is needed to cool the stator, 

(2) The airflow must be directed over the stator coils by drilling holes in 
the rotor interpoles. 

(3) The stator assembly cannot be made smooth without sacrifice of cooling 
capability. 

(4) The installation of the real magnet will cause additional eddy current 
losses in the stator and in the end bells of the motor. 

Based on the results of these tests, three more configurations were tested. 
First, 8-mm-diam holes were drilled in the rotor interpoles to provide airflow 
directly over the stator coil area. Second, the aluminum end bells are spaced 
off from the rotor to minimize eddy current losses. This air space allows a 
^jnping loss due to recirculation of the air. This area was filled '^'th a 
nonmetallic material to reduce this loss. Finally, the effect of a non-smooth 
stator was evaluated by installing the actual stator assembly. 

The results of these tests are best seen by inspection of table 8, which 
addresses the most significant configurations tested. Configuration A is the 
proof -of-principle data and represents the worst condition. Configuration B 
shows a significant benefit resulting from the use of a smooth stator when the 
rotor saliency exists. Configuration C is the equivalent of the proposed func- 
tional model design, with an actual stator and the potted interpoles with cooling 
holes added. Configuration D shows that the improvement in losses from using a 
smooth stator when the rotor saliency has been eliminated is minimal compared to 
the possible negative thermal effect. Configurations E and F have the least loss 
but do not provide adequate cooling for the stator. The loss with Configuration 
C of 2050 W is the goal for windage loss in the functional model to be built, and 
this would represent a loss reduction of approximately 3 kW over the proof-of- 
principle machine. 
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Figure 54.— Windage Losses versus Speed of Windage Evaluati 
Configurations. 


SPEED, RPM 







TABLE 8.— WINDAGE LOSS TEST SUMMARY 




Windage 

loss, W 


Motor Configuration 

50 percent 
speed 

100 percent 
speed 

A. 

Actual strip copper-wound stator with no 
interpole fillers on rotor (proof -of -principle 
configuration) 

910 

5040 

B. 

Smooth dunrniy aluminum stator with no interpole 
fillers on rotor 

550 

3950 

C. 

Actual strip copper-wound stator with interpole 
filled and 8-mm cooling holes incorporated 
(functional model equivalent) 

250 

2050 

D. 

Smooth dummy aluminum stator with interpoles 
filled and 8-itoti cooling holes incorporated 

240 

1800 

E. 

Smooth dummy aluminum stator with interpoles 
filled— no cooling holes 

150 

1180 

F. 

Smooth dummy aluminum stator with interpoles 
filled— no cooling holes, closed housing 

108 

940 


Magnetic circuit rneasuretnents .--Test results of the proof-of -principle model 
showed a significant rotational loss due to the presence of the magnet in the 
rotor. The mmf of the magnet causes a magnetic flux field distribution in the 
surrounding area according to the reluctance of the path. Most of the flux, 
therefore, travels through the iron rotor poles. However, it is unavoidable for 
SOTO lines of flux to follow leakage paths through the surrounding air and per- 
haps other electrically conductive metal in the housing or end bells. When the 
rotor starts to rotate, these lines of flux move with respect to the ho"Sing and 
generate eddy current losses. The loss is a function of both the magnitude of 
the leakage flux and its rate of change (motor speed). 

In the electromagnetic design of this machine, certain magnetic properties 
of the rotor iron were assumed. If, however, there was austenite in the iron, 
its magnetic reluctance would be higher than expected and cause more magnetic 
lines of flux to penetrate the housing and surrounding structures and create 
losses. 

To determine some of the characteristics of the motor magnetic circuit, 
several search coils were installed in the unit. An excitation coil was made 
that simulates a permanent magnet in that it supplies iwnf to the circuit. The 
advantage in using a wound excitation coil is that the mmt may be varied over a 
wide range, and a saturation curve may be plotted. 
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A schematic of the test set<p is given in fig. 56. Pictures of the hardware 
test equipment are included as well. An excitation coil of 170 turns of No. 17 
AWG wire was wound on a bobbin and installed between the rotor pole pieces. The 
i.d. of this coil is equivalent to the o.d. of the magnet that it sirtwlates. A 
search coil on top of the excitation coil measures the total flux developed. 

Three search coils were wound around the rotor pole "fingers" at various points. 
An actual spare coil (fractional-pitched) from the stator assenfcly and a full- 
pitched coil were used to measure flux in the gap and between the poles. 

Pictures of the hardware under test are shown in figs. 57 and 58. 

The excitation coil is supplied with current by a regulated dc power supply 
operated under current limit. A double-pole, double-throw switch allows a quick 
reversal of current in the coil. A current shunt and a digital voltmeter are 
used to measure the current. The search coils are connected, one at a time, to 
the variable resistance and the fluxmeter. The resistance is adjusted until the 
total resistance at the fluxmeter terminals is 15 +0.1 n. This is a requirement 
for proper calibration of the fluxmeter. As the current in the excitation coil 
increases, the fluxmeter deflects a nuirt)er of divisions proportional to the flux 
in the coil. The data were taken by quickly increasing the excitation current 
and recording this current and the deflection of the meter. The reversing switch 
was used to reverse the current and remove the remnant magnetism in the iron 
before proceeding to the next search coil. A sunmary of the test results is 
given in graphical form in fig. 59, which shows the nuirtjer of lines of flux in 
each coil as a function of the mmf in the excitation coil: 

nvnf = Nexc ^EXC 

= 170 X IexC A-turns 

The flux in the excitation coil splits 8 ways into each pole "finger" so 1/8 of 
the total circuit flux is plotted first. The pole root and pole tip flux values 
are plotted next. These show that some leakage has occurred already. A full- 
pitched coil and a fractional-pitched coil are used to measure the flux in the 
gap and also between the poles Additional data are shown with steel plates on 
each side of the rotor assent ly, reducing the saliency of the external magnetic 
field. The use of the plates would attenuate any eddy current losses in sur- 
rounding support structures. Fig. 60 depicts some of the flux densities in key 
parts of the magnetic circuit. 

The curves are essentially linear until the iron in the circuit starts to 
saturate. This effect becomes noticeable beyond about 2700 A-turns. Rated mmf 
net into the circuit is 3382 A-turns. At this point it is seen that the circuit 
is reaching saturation quickly. Two things can be concluded from this: (1) The 

flux density In the pole fingers at this point is 1.82 T indicating the proper 
material properties have been achieved, and (2) The higher than expected housing 
eddy loss is due to simplifications in modeling the rotor leakage field. A com- 
parison of predicted versus measured values follows. 
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Figure 56.— Advanced Motor Magnetic Circuit Test Diagram. 
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Fig. 59.— Magnetic Circuit Flux Measurements. Magnet Simulated 
by Soft Iron Disk with Excitation Coil. 
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FLUX DENSITY. Tesla 





Net circuit nnf • (Ampere- turns) 
1/8 of total flux - (Wb) 

Static leakage - (Mb) 

Active leakage - (Ub) 

Flux per pole - (Wb) 

Voltage generating flux - (Wb) 


Predicted 

Measured 

3382 

3382 

84.5 X 10-5 

93.5 X 10-5 

19.5 X 10-5 

13.0 X 10-5 

6.1 X 10-5 

14.5 X 10-5 

58.9 X 10-5 

65.5 X 10-5 

52.8 X 10-5 

51.0 X 10-5 


From this It Is seen that for the given design point nmft more total flux 
and more interpole leakage results. But the difference in these two is the 
voltage ^neratlng flux, and this mmiber is quite close to the predicted value. 

It should be mentioned that the excitation coll does not exactly represent the 
permanent magnet disk. The coil itself is located in an area that is normally a 
leakage path for flux. The presence of the coil in this region reduces the 
leakage flux considerably. This may explain why the total flux is higher than 
predicted. 

Stator assembly .— Disassembly of the proof -of-principle rw)del after gene- 
rator testing showeo that son« physical damage occurred to two of the stator 
colls and some other coil Insulators. A picture of the dmnaged area is shown In 
fig. 61. This damage was unrepairable; it was decided to build a new stator 
assembly with an in^roved insulation syston and lower loss characteristics. 

After the procurement of new ML-coated rectangular magnet wire, new stator 
coils were wound, varnished, and formed in the same way as was done for the 
proof -of-principle stator assembly. Figs. 62 and 63 show the individual coils 
being placed on the allgranent tooling prior to bonding. At this stage, the 
assenbly of the new stator departs from that previously used. 

The coil support ring was fabricated from a phenolic material (MIL-P-15035C, 
Type FBE) because of its good dielectric and mechanical properties. The phenolic 
minimizes the eddy current losses from the stray magnetic field and also isolates 
the coil further from the metallic housing. This subassembly, prior to bonding 
on the i.d.. Is shown in fig. 64. New bus bar rings. Insulators, and a new outer 
coil housing were made. The bus bars were made with increased cross section and 
with wire tabs brazed on to then to facilitate connection to the stator coils. 
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Fiyure 63.--FLi.._*'ional Model Stator Coils on Alignment Tooling. 



Figure 64. --Functional Model Stator Subassembly. 


The coil ends and bus bar tabs were crimped together through a barrel -type 
terminal and then soldered to fill the voids. Again, at each level of assembly, 
the coils were checked for isolation from adjacent coils and ground. Flat tabs 
were also brazed to the bus rings to allow for attachment of the lead wires of 
each phase. Each phase has two No. 8 AWG color-coded wires coming out from the 
unit. All changes made in the stator design increased the ease of manufacturing 
or reliability of the assenrt)ly. In addition, two thernwcouples were mounted on 
the stator coils on each side to monitor winding temperature during testing. The 
completed stator assembly is shown in fig. 65. 

In summary, four stator assemblies were built during the course of the pro- 
gran. The method of turn-to-turn wire insulation and the design of the coil 
bending and alignment tooling were areas that required significant development. 
The stator built for the functional model was successfully built and tested, and 
served to prove the viability of the ironless stator concept. Table 9 sianmarizes 
the various stator assemblies built during the program. 

Rotor assembly . --The rotor assembly used for the windage tests was encap- 
sulated with a polyurethane foam to minimize the saliency. This technique had a 
substantial effect on the windage, reducing the losses by approximately 2000 W. 
For the functional model rotor, this technique was improved upon in two ways. 

First, further review of the material properties of the polyurethane indi- 
cated that its thermal expansion coefficient may be too high (compared to the 
steel rotor) for successful operation at full speed and moderate temperatures. 
Substantial damage to the stator assembly could result if one of the interpole 
sections were to break loose at the bond line. Investigation of alternate mate- 
rials resulted in the selection of a polyester foam material. This material was 
developed specifically to retain a high percentage of its ambient temperature 
physical properties when exposed to elevated temperatures. It has outstanding 
characteristics for compressive strength and can be used at temperatures from 
-60OC to 150°C, showing little growth and good retention of its physical proper- 
ties, when properly cured. In addition, the system produces excellent molded 
parts, picking up small details and intricate patterns. 

Second, the quality of the molded shape was improved by the use of better 
molding tooling. Aluminum rings were made to form the shape of the inner portion 
of the rotor. An open mold technique was used instead of the semiclosed method 
used previously. A picture of one rotor pole piece ready for molding is shown in 
fig. 66. After removal of the molding tooling, the open portion of the mold is 
machined to blend in with the rotor pole faces. A picture of the first 
encapsulation of a rotor is shown in fig. 67. Subsequent improvements in the 
mold-release process resulted in rotors with significantly better mold contours 
at the outer pole tips. The 8-mm-diam cooling holes were drilled in each pocket 
as shown in fig. 68. Other than the molding of interpoles, the rotor assembly 
was identical to that used in the proof -of-principle model. 

End bells .— New end bells were made to accommodate the large diameter stator 
housing built for the functional model. Other changes were also made to improve 
the characteristics of the system. These improvements address problems that fall 
into three categories: 
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M^ure bo.--kotor Pole Piece With Melding Tooling. 
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WITH POLYESTER FOAM 


Fig. 68.--8-mm-d1am Cooling Holes. 


(1) Windage loss - The air inlet holes were chamfered on the leading edge. 
The air exit holes were moved from the o.d. to the face of the end 
bells to reduce the diameter of the exiting air and to reduce air 
turbulence from the bus rings and insulator spacers. 

(2) Acoustic noise - The niMnber of air exit holes was changed and their 
pattern was made nonsymmetrical to reduce the acoustical resonance 
resulting fran even spacing. 

(3) Eddy current losses - The end bells we-e spaced axially and radially 
farther away from the rotor assembly to minimize penetration by the 
stray magnetic field. This loss could be eliminated in later designs 
by using high>strength plastic end bells, assming the immediate space 
around the motor is free of sensitive parts {electrically conductive 
materials). 

Instrumentation was added to the end bells to provide information on the air 
flow characteristics of the functional model. Pressure taps were added near the 
inlet and exit air holes. Thermocouples were installed to measure the inlet ar . 
exit air temperatures and also the bearing temperatures. The completed end bells 
are shown in figs. 69 and 70. 

Final assembly .— Final assembly followed the same procedures as were used 
for the proof -oT-principle machine. Installation of the new stator assenbly 
between the rotor ,'iole pieces showed that there was again a clearance probimn 
between the parts. To provide sufficient clearance two steps were taken: 

(1) The inside and outside pole tips were modified slightly. 
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(2) A 0.2(X)<^ soft-steel shim Mas added to each side of the magnet, 
increasing the magnetic air gap by 0.40 mm and resulting in a net 
oecrease in flux level as discussed in detail later in the text. 

The completed f mctional model, including instrunentation pressure taps and 
thermocouples, is shcMn in fig. 71. The significant materials used in manufac- 
turing the functional model are sh(H«n in table 10. 


Rotating Machine Tests in Generator Mode 

Functional model testing was conducted under the sane approach as the 
testing of the proof-of-principle model with three exceptions. First, a reaction 
torque head that generates a small electrical signal proportional to torque was 
used. This device produced accurate and repeatable results, and also lends 
itself well to signal conditioning. Second, a multichannel recording device with 
built-in signal conditioning was used to record data. This device, which was 
used to monitor dc volts, dc amperes, torque, speed, and all thermocouples, 
accepts up to 16 independent inputs and prints out digital readings in intervals 
as small as 10 s. The advantage of this approach is that all inputs are sampled 
simultaneously and then printed out, eliminating time delays in interpolating 
meter readings. Third, the three-phase bridge rectifier used for these tests had 
diodes with a faster reverse recovery time. This allowed a more precise 
determination of the commutating reactance of the machine. 

Generator testing of the unit was conducted up to ICK) percent speed of 1466 
rad/s {14,000 rpm) and up to 115 percent current (160 A dc). Full electro- 
magnetic, thermal, aerodynemiic, and acoustic noise data were recorded. A picture 
of the functional model under test is shown in fig. 72. S<xne of the instrim^nta- 
tion used is shown in fig. 73; the multichannel recorder is seen on the left. 

The most significant results fron the generator testing are seen in fig. 

74, where the total rotating machine losses at no load and at full load are com- 
pared for the proof-of-principle model and the functional model. This graph 
shows a rotational loss of approximately 2350 W, or a reduction of over 3(XK) W. 
This loss very nearly meets the goal of 2050 W of windage loss, even though it 
includes the eddy current losses in the end bells, a factor not considered in the 
windage loss goal. 

The improvement in efficiency resulting from the windage loss reduction is 
seen in fig. 75, which shows an efficiency increase of 10 percent at full speed 
and full load, and an increase of 15 percent at full speed and low load compared 
to the proof-of-principle model. Also shown is the predicted efficiency for the 
'•ideal" case, where the windage is reduced to level that would be seen with a 
completely smooth rotor and stator with no air pumping losses. Fig. 76 shows the 
functional model efficiency at various speeds and loads. 


109 






.\AL PAGI^ 

HUE PtlOTOGRAPH 


-Functiorit* 1 Model Motor Assembly. 


TABLE IQ. -FUNCTIONAL MODEL MOTOR MAV^RIALS. 


Item 

Functional Model 

Magnet 

Sm-Co; 16 M60 energy product 

Magnet plates 

1020 sheet n^tal 

Rotor poles 

4130 steel 

Support sleeve 

Inconel 718 

Tie bolt 

Inconel 718 

Bearings 

SAE 52100; shielded 

Lubrication 

MIL-G-81322 

Magnet wire 

3.37 mm X 0.22 mm copper; 
ML coated 

Stator potting 

Eccobond 281 

Varnish (coil) 

Sterling Y338 

Varnish (stator) 

PO George 433-75VT 

Coil support ring 

Phenolic 

Stator housing 

AL2024-T351 

End bells 

AL2024-T351 

Interpole f i 1 ler 

Stafoam AA606 
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Figure 72. --Functional Model .Rotating Machine During Testing. 
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Figure 73. — Functional Model Rotating Machi ne Test I nstrunentati on. 
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Figure 74.— Comparisons of Total Rotating Machine Loss versus Speed, 
Functional vs. Proof -of -Principle Model Rotating Machines. 
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Figure 75. --Predicted and Actual Performance Comparison 
of Rotating Machines in Generator Mode. 
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Though the Mindage loss was reduced significantly, there was still sufficient 
air pumping through the unit to cool the stator assembly colls with a substantial 
thermal margin. Figs. 77 and 78 compare the results of the proof-of-principle 
model and the functional model. Steady-state copper temperature at 100 percent 
speed and 115 percent load Is only lOe^C, while the rating of the insulation sys- 
tem Is 1770C. This indicates that a reduction In airflow might Increase the sys- 
t«n efficiency If the reduced windage losses offset the Increased copper losses 
due to the temperature increase. 

Airflow through the unit was calculated by two approaches. First, the pres- 
sure taps installed In the end bells at the Inlet and exit air holes were moni- 
tored during testing. The pressure drop across the machine and the size and mmi- 
ber of holes were used to calculate airflow. These data are presented In fig. 

79. Second, a rough calculation of flow was made by assessing the temperature 
rise of the air through the machine and the total loss. This analysis gave air 
flow results that were approximately 50 percent higher than those derived from 
the first method, but It Is felt that the pressure drop calculations are more 
accurate. 

The effect of opening the magnetic air gap to achieve running clearance is 
seen by inspection of fig. 80. The no-load voltage is down by approximately 10 
percent from the proof-of-principle model and by approximately 15 percent from 
the original predicted value. This reduces the power capability as discussed 
later in the text. 

The audio noise level exhibited by the machine was also monitored during the 
generator testing and Is shown in fig. 81. No data of this type were recorded 
for the proof-of-principle model, so a direct comparison with the functional 
model cannot be made. However, data from various configurations were recorded 
during the windage loss testing, and this Information Is Included In fig. 80. 

Noise levels were measured with a portable audio analyzer mounted on a tripod and 
located at a distance of approximately 300 mm directly In front of the unit. 

From the subjective point of view, the noise levels were still quite high in the 
functional model. The motor noise could be reduced to an acceptable level by 
some straightforward noise damping techniques If the motor was mounted In an 
electric vehicle. 
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Figure 77.— Comparison of Thermal Performance of Rotating Machines 
at 50 Percent Speed. 
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Figure 78 .— Cor^parison of Thermal Performance of Rotating Machines 
at 100 Percent Speed. 



Figure 79. —Functional Hodel Rotating Nachine Airflow versus Speed 
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Fiyure 80. --Comparison of dc Load Regulation of Rotating Machines. 
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Figure 81. --Comparison of Audio Noise Level versus Speed 
for Various Conf igurations. 
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FUNCTIONAL MODEL MOTOR TEST CONSIDERATIONS IN MOTOR MODE 
Functional model system analysis 


Due to the problems encountered in the fabrication of the PM motor stator 
assembly, further developnent of the converter was de-emphasized. It was felt 
that it would be most judicious to establish the viability of the rotating 
machine before con^leting a converter design and proceeding with its development. 

Early in 1982, with the performance constraints of the rotating machine 
alleviated and the necessary constraints established, an analysis of the avail- 
able controller options suitable for motor testing was conducted. This analysis 
considered the funding and schedule constraints as well as the technical suit- 
ability of the options. It was decided that the best approach would be to 
utilize the irujroved electronically commutated motor (lECM) breadboard controller 
developed under NASA contract DEN 3-64. Fig. 82 is the basic block diagram of 
the lECM controller. 

Similar to the advanced motor (AM) converter, the function of the lECM con- 
verter is to corwnutate and control the lECM over its full range of speed. The 
converter provides the controls for the drive and the brake modes of operation, 
which includes a regenerative switching scheme that returns energy to the battery 
during braking. 

The major power elements of the converter are the upper and the lower tran- 
sistor choppers, Qu and Ql, respectively, freewheeling diodes, Di and D?, and a 
thyristor inverter Qi through Qg. The primary devices used on the functional 
converter are ’isted in table 11. The lower (main) chopper Qi_ controls the motor 
current by modulating the fixed dc voltage (battery volts). The freewheeling 
diodes Di, D 2 maintain a continuous motor current by providing a path for this 
current when the chopper is off. During this period, the current is sustained by 
the system inductances in the chopper, the inverter, and the motor loop. The 
freewheeling diodes are also a part of the regenerative scheme. The thyristor 
(SCR) inverter acts as a solid-state commutator for the motor. 

In the drive trode, the inverter is a load-commutated type, in which the 
thyristors are turned off by the back EMF (voltage) of the motor. Since the 
motor is a permanent-magnet, fixed-field type, the back EMF is proportional to 
speed. Thus, at low motor speeds (less than 10 percent of rated speed), when the 
back EMF is relatively low and is not sufficient to ensure turnoff of the 
thyristors, the transistorized choppers provide the means for thyristor turnoff. 
At motor speeds greater than 10 percent rated, the upper chopper (Qy) is bypassed 
by the automatic closure of its associated contactor (SW 2 ). The upper chopper 
(Qu) is required only during the initial start-up; the converter losses are 
minimized by bypassing the upper chopper at higher speeds. 

In the brake mode, by opening contactor SW 2 and changing the SCR phase angle 
control, the inverter is operated as a conventional phase-delayed rectifier 
(PDR), which acts to control the current or energy returned to the battery. The 
current path is through D 2 , SWi, the battery, Di and Li as shown in fig. 82. For 
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Control unit 

Fig. 82.— Functional Model Converter Basic Schematic. 
(Designed for lECM Motor Drive) 


TABLE 11. -FUNCTIONAL MODEL CONVERTER DEVICES. 


Component 

Type 

Thyristors, Qi-Qe 

6E 434S, 600 V, 500 A, 14 s 

Transistors, Qu, Ql 
(12 parallel, each) 

Motorola MJ10015, 400 V, 50 A 

Diodes (FW), Di, D 2 
(8 parallel, each) 

Motorola MR874, 400 V, 50 A 

Capacitors, Ci 
(12 parallel) 

Sprague 36D type, 6000 F, 300 V 

Interrupt contactor, SWi 

Siemens 3TC74, 400 A dc single pole 

CFO contactor, SW 2 

Hartmann 300 A dc double break 

Logic cards 

216 by 152 mm (8.5 by 6 in.), CMOS, 
43 pin, +15 Vdc power 

Current sensor 

Hall effect, 5000:1 current ratio 

EMF sensor 

Step-down control transformer 

Position sensor 

Photo-optical with slotted disc 
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condUions wherein the motor back-EMF is not sufficient to provide brake or 
regenerative energy to the battery, the motor voltage is boosted by the operation 
of the lower chopper (Q|_). The chopper allows for the build-up of current 
through 0i and Li, which is then transferred to the battery when Ql turns off. 

The converter is described in more detail in the final report entitled, "A 
Lightweight Electronically Conwiutated DC Motor for Electric Passenger Vehicles," 
OOE/NASA/0064-82-1, NASA Contractor Report No. 165601, AiResearch Report No. 
81-18266. 

To conduct the required tests, several temporary breadboard modifications 
need to be implemented. These changes are necessary to accommodate the 2 to 1 
difference in system voltages, and permit the chopper/thyristor- type converter to 
operate with the advanced motor (designed for a transistor converter). 

1. The windings of the advanced motor need to be reconnected from a "wye" 
to a "delta" configuration. This reduces the motor terminal voltage 
frm 140 V rms at 1867 Hz to 81 V rms at 1867 Hz. This nwdif ication 
creates a better electrical match between the advanced motor and the 
120 Vdc link inverter associated with the lECM converter. 

2. The inverter transient suppression networks may have to be modified 
because the inaximun inverter operating frequency increases from 887 Hz 
to 1867 Hz for the advanced motor. 

3. The inverter-thyristor firing angle must be modified to provide 
adequate thyristor turn-off time margin, while producing as high a 
power factor as possible for the motor. 

4. The motor position sensor interface must be reviewed and possibly 
changed so that the advanced motor position sensor outputs are 
compatible with the inverter contr.'^ logic. 

5. The current regulator should be modified to provide the proper current 
magnitudes for a given conwand input. The transfer function should be 
compatible with the advanced motor current requirements. 

6. A series inductor needs to be added to the dc link. Proper lECM 
chopper operation is based on a predetermined value of inductance in 
the chopper circuit. Total inductance is the sum of the dc link and PM 
motor inductance. Since the advanced motor has substantially less 
inductance than the improved motor, a dc link inductor is required. 

Note that the dc link inductor is not part of the inverter thyristor 
circuit loop inductance, and hence does not interfere with normal 
inverter operation. 

Prior to a review of the existing lECM converter, the advanced motor was 
investigated using AiResearch computer modeling. The results showed that only 
11.59 kW of motor output power could be achieved; 23 to 26 kW was the desirable 
motor output. The reasons for the limited output power are discussed in the 
following paragraphs. 
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The functional model motor was tested in the generator mode and the 
comrmjtation inductance was measured using the overlap angle while operating into 
a three-phase full -wave rectifier to a dc load. The functional model motor 
comnwtation inductance was higher than predicted and in addition, the increased 
air gap resulted in a lower voltage available to ccmnHJtate the inductance. The 
lower voltage and higher inductance both act to reduce the power rating of the 
motor. Of these, the commutation inductance has the greater adverse effect on 
the lECM thyristor-inverter that was planned to be used to provide the motor 
excitation. 

The reason for this is the fact that as the inverter commutates or transfers 
the motor current from phase-to-phase, the current in the preceeding phase must 
be reduced to zero and remain at zero for sufficient time to allow the conducting 
thyristor(s) to turn off. The forcing factor for the reduction of the thyristor 
current is the motor voltage. 

Therefore, for a given motor voltage, the greater the motor inductance, the 
longer it takes to reduce the phase current to zero. Coinjarison of the original 
motor design versus the functional model motor parameters shows an inductance 
increase of 58.2 percent and a voltage decrease of 19 percent, both of which are 
in an adverse direction. 

Functionally, this means that the inverter firing angle must be limited to a 
greater extent for the functional model motor con^ared to the original motor 
design, i.e., the inverter thyristor current conduction electrically leads the 
motor voltage by a greater amount. 

Fig. 83 illustrates the affect of the leading current as compared to prior 
ideal in-phase current waveform. Initially current is flowing through thyristor 
QS, motor line inductances LC and LB, and thyristor Q6» By turning-on thyristor 
Ql at an earlier than ideal time, a circulating current is caused to flow by the 
polarity difference between the Pll-motor phase C and A EMF -voltages. Thus, the 
current through Qi will increase and the current through Q5 will decrease. The 
time for the current in Q5 to decrease to zero is defined as the commutation 
angle, ijl. 

After the current through Q5 has reached zero, the PM-motor phase C voltage 
must be greater than the phase A voltage, so that thyristor Q5 can remain 
reverse-biased for sufficient time for turn-off. This time is defined as the 
margin angle, 7. The sequence then continues, with thyristors Qj and Qs 
conducting the motor current. 

Fig. 84 shows the results of the computer model wherein the leading motor 
current causes a low motor power factor and low real output power. The relation- 
ship between the coimitation and margin angle for a given motor kVA rating is 
shown in fig. 85. Since the thyristor current and motor voltage are not in- 
phase, an effective power factor exists for which a given current and voltage 
reduces the real power (kW) available to drive the motor. Analysis has shown the 
reduction to be from 20 kW to 14.8 kW for the design to functional model. 
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ELECTRICAL 

DEGREES 


MOTOR VOLTAGE = 65.6 VRMS L-N; 1,867 Hi 

AVERAGE DC CURRENT = 140 ADC MOTOR REAL INPUT POWER = 14.84 KW 
INPUT DC POTENTIAL = 106VDC MOTOR INPUT POWER FACTOR = COS (34° * 25°) 

= COS (59°) 

= 0.52 

MOTOR OUTPUT POWER = 14.84KW - MOTOR LOSSES 

= 14.84 KW • 3.25 KW 
= 11.59 KW 


A-31609 


Figure 84. --Thyristor Inverter, Functional Model Motor. 
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KW = KVA COS B =KVAX MOTOR POWER FACTOR 


MOTOR POWER FACTOR = COS B 

= COS 59° 
= 0.52 


WHERE: 

^ DEGREES (59°) 
jti = COMMUTATION ANGLE (25°) 
^ = MARGIN ANGLE (34°) 


Figure 85. --Motor Input Power Factor (Thyristor Inverter). 
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In contrast, using a transistor inverter as envisioi'ed for the advanced 
motor converter, the motor current could be controlled to within the ideal condi- 
tions, so that near-unity power factor could be delivered to the motor. Fig. 86 
shows the computer model results, with the functional model motor output rated at 
23.63 kW. Note that since the transistor Inverter turn-off is controlled solely 
by its base drive, the transistor inverter does not require a margin angle analo- 
gous to the thyristor inverter, hence, can operate at a much higher motor power 
factor. Figure 87 shows a system efficiency map for this configuration, assuming 
192 vdc input to the system. This map considers the losses in both the rotating 
machine and the electronics. 

Table 12 shows the key parameters of the functional model rotating machine. 
Table 13 shows the comparative predicted performance of the functional model 
motor using transistor or thyristor inverter circuits. Based on the predicted 
11.59 kW output using the thyristor inverter lECM converter, it was mutually 
agreed between AiResearch and NASA that actual testing with this converter need 
not be performed. 
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Figure 87.— Predicted Efficiency Nap of Functional Nodel Motor 
with Transistor Inverter 
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TABLE 12. -ADVANCED MOTOR FUNCTIONAL MODEL ROTATING MACHINE PARAMETERS. 


Parameter 

Value 

Resistance per phase, (ohms) 

0.0205 

Ccmmutating Inductance per phase, (pH) 

14.92 

Commutating reactance per phase, (pu) 

0.294 

Ac volts per phase, (V rms) 

65.6 

Ac current per phase, (A rms) 

110.0 

Motor speed, (radis) 

1466 

Motor speed, (rpm) 

14,000 


TABLE 13. -ADVANCED MOTOR FUNCTIONAL MODEL PREDICTED PERFORMANCE. 


Parameter 

Converter Type 

Transistor 

Thyristor 

Dc voltage, (Vdc) 

192 

106 

Dc current, (Adc) 

140 

140 

Firing angle, a (deg) 

180 

121 

Convnutation angle, p (deg) 

19 

25 

Margin angle, 6 (deg) 

- 

34 

Input power, (kU) 

26.88 

14.84 

Output power, (kW) 

23.63 

11.59 

Motor efficiency, (percent) 

87.9 

78.1 
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CONCLUSIONS 


This report presents the analytical and test results of the advanced axipolar 
Ironless stator ac motor. The deslon, fabrication, testing, and data reporting 
for this advanced motor and controller concept were accomplished under Contract 
DEN 3-77 with NASA Lewis Research Center. 

The motor is a unique design, using permanent magnet excitation, homopolar 
flux path concepts, axial air gap design, and Ironless stator construction. This 
effort was directed toward the goal of providing a low-cost motor for electric 
passenger vehicle propulsion that would operate at a high efficiency and accept- 
able weight. In conjunction with the rotating machine, a controller was designed 

to achieve optimum system performance. 

The major determinations made during the program are summarized below. 

(1) Stator fabrication was a major problem on both the proof-of -principle 

and functional model machines. Special thin-strip imjltlple-coated poly- 
imldc magnet wire had to be developed to successfully build the stator. 
Program funding was not of a magnitude to permit design and fabrication 
of full-scale coll forming and assentoly tooling; thus, the stators were 

built with tooling that required many hand forming and dimensional con- 

trol operations. With the constraints of this approach on stator fab- 
rication, the dimensional tolerances achieved necessitated modifications 
to the rotor poles. This limited the motor performance capability and 
increased the machine per unit reactance. The analytical design pre- 
dicted 26 kW, however, the actual functional model hardware would have 
been capable of operating up to 23 kW as a motor. It Is felt that this 
problem would not be present In a properly tooled production stator. 

(2) The windage losses of the rotating machine were higher than originally 
predicted. The homopolar pole arms of the rotor design were Intended 
to act as a pump to provici cooling air for the stator assembly. The 
proof-of-principle motor used shrouds on the rotor poles to control the 
flow. This proved to be Inadequate, so, on the functional model, the 
Interpole areas were filled with a foam encapsulent. Small holes were 
provided to pump the air to the stator assen^ly. The windage/pumping 
losses were reduced from 5 kW to 2 kW, and the rotating machine operated 
successfully In the generator mode with thermal stability achieved at 
rated current with considerable thermal margin. The pumping power could 
be reduced still further In a subsequent design, but It appears from 
the windage analysis test data that a design completely restricting 
cooling airflow would still have approximately a 1-kW aerodynamic loss. 
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(3) As a corollary to the windage consideration, audible noise control Is 
required. If not muffled, the air noise at high speeds would be unac- 
ceptable In a passenger vehicle. This would not represent a signifi- 
cant problem In the suitability of this tiwtor. Internal conbustlon 
engines require exhaust uNjfflers to make them usable. 

(4) One other area of higher losses developed In the testing of the rotat- 
ing machine. The nature of the axial gap homopolar rotor Is such that 
a stray magnetic field exists behind and above the rotor poles. The 
extent cf this field Is increased to some degree when operated with an 
Ironless or high-reluctance stator. This stray magnetic field Is an ac 
field (1867 Hz at full speed), which attempts to penetrate any metal 
support structures In close proximity. Machined aluminum housings were 
used on the tnotor to reduce weight and cost, thus some eddy current 
losses were developed by the stray field at the higher rotating speeds. 
The functional model motor made some adjustments In this area, increas- 
ing the separation between the magnetic poles and any surrounding metal 
structure. This would not be a limiting constraint on the use of this 
motor. The magnitude of this loss was not prohibitive, and with proper 
spacing and the use of some nonmetal 11c con^onents, this loss would be 
controlled. 

(5) The inertia of the rotating assembly in this axipolar design Is Inher- 
ently high. 9n the positive side, this will smooth any torque ripple 
seen by the drivetrain; however. It does present some concern regarding 
the time and energy required to accelerate the rotor when accelerating 
the vehicle, and the time required to decelerate the rotor when shifting 
gears. The extent of the problem is evident when considering that 28 
percent of the total energy required to accelerate a 1350-kg (3000-lb) 
vehicle system to 56 km/hr (35 mph) would be used to accelerate the 
motor rotor. To decelerate the rotor while shifting from first to sec- 
ond gear would require 2.3 s. 

(6) Magnet fabrication presented some difficulty. Although the magnet Is 
basically a single piece, the present industry capability limits the 
size of samarium cobalt blocks that can be made. The bonding of a num- 
ber of magnet sections together, then grinding and magnetizing, somewhat 
defeats the purpose of the single magnet design. Further development 

in rare-earth cobalt magnet fabrication te :hn1ques or use of a ferrite 
material option would seem to be required to realize the full cost 
potential of the axipolar design. 

(7) An interesting design constraint developed when consideration was given 
to driving the rotating machines with a thyristor inverter rather than 
a transistor type. In order to limit program costs, modification of an 
existing thyristor controller was considered. The motor reactance was 
such that when the thyristor firing angle was set to provide for the 
switching or commutation event, the effective power factor became so 
low that motor output power would be limited to 11.6 kW. With that 
power constraint making thyristor inverter operation Impractical and 
with insufficient funds available to i^abricate the intended transistor 
inverter, the program activities were concluded after fully testing the 
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functional model in the generator mode. This evaluation reinforced the 
point that for power outputs up to 100 kW, transistor inverters are 
favored. If a thyristor inverter were to be used, the machine reactance 
control would necessitate a physically larger rotating machine. 

(8) The axipolar machine is easily adapted to the use cf the very low cost 
and easily fabricated ferrite magnet material. Due to the lower energy 
level of those magnets when cwnpared to rare-earth cobalt, the motor 
would have to be approximately 30 percent larger and 2 percent lower in 
efficiency. 

The axipolar ironless motor operated at its design power level with consider- 
able thermal margin. Maxinwm full-power efficiency was down from the predicted 
91 percent to 85 percent, "^his was a result of the not -fully-optimized windage 
losses and some additional stray field losses. Improvements can be made, but 
based on the characteristics of the machines tested, an efficiency goal of 87 
percent now appears to be more realistic. The last few years have not brought 
the technical progress in the rare-earth cobalt magnet industry necessary to fab- 
ricate at low cost the single magnet type needed for this motor. The utilization 
of ferrite magnets would thus be preferred for the mass market even with some 
weight and efficiency penalty. The inherent motor rotor inertia and its effect 
on vehicle system performance would need a full evaluation before further develop- 
ment is undertaken on the axipolar ironless motor. 


Ai Research Manufacturing Company 

A Division of ITie Garrett Corporation 
Torrance, California 90509 
June, 1983 
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APPENDIX A 

LEAKAGE INDUCTANCE OF IRONLESS STATOR 


The material below is for the calculation of the leakage inductance of an 
ironless stator as shown in fig. 88. 

The inductance of an isolated recta .gular coil of fig. 89 (ref. 1). 

A: LselF = 2.303 x K/1Q9 x x (a + b) x logio (2a/(p + q)) 

-4 X a X ioj^Q ((a + d)/b) 

-4 X b 1 o9jq ((b + d)/b) + 

K/1Q9 X 8 X d ? X (a + b) + 1.79 x (p + q) H 


where K = 2.54 x n2 

N = Turns in a rectangular section, p x q 
d = (a2 + b2)5 

Dimensions are in inches. For dimensions in millimeters, use k = 0.1 n2. 

Assume this expression is approximately correct for the trapezoidal coil 
model shown in fig. 90, if the average value of dimension b is used in expression 
A. 


For a string of rectangular coils, the mutual inductance may be roughly 
estimated by inspection of fig. 91: 

(a) All coils are electrically in series and mutually aiding. 

(b) If the abutting coil sides occupied the same space (i.e., perfectly 
coupled), the mutual induction due to linkage of (?mi a coil pair X 
and Y would be h of the self induction of an isolated coil. This is 
inherent from the geometry regardless of coil proportions. 

(c) Since the coil sides do not occupy the same space, a coupling factor 
must be determined. From inspection of the ironless stator, the coupl 
ing factor between adjacent coils of the same phase group is estimated 
to be 5/6 when the width of a coil side p is about 1/6 of coil width b 
(sec fig. 92). 

(d) Arrangement of a number of trapezoidal coils in a closed circular pat- 
tern is essentially equivalent to a long linear string of rectangular 
coils as far as self and mutual linkages are concerned. 
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Figure 88. --Ironless Stator Model. 



F iqure 89.-- Rectangular Coil for Inductance Calculation. 




ORIGINAL PAGE IE 
OF POOR QUALIT'i 



A-44aes 


Fig. 90. --Trapezoidal Coil Model. 



Fig. 91.— Linear String Model of Phase "A" Coils. 
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A^2647 


Figure 92.— Section Through Coil String Showing Linkage 

Through Coil "Y" Due to Excitation of Coil ''X''. 
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Considering only the coils of a given plane A, the inductance of a single 
coil, Y, will be: 

Lai = LselF + Myx + Myz 

where: Ls^LF = the self inductance of the isolated coil Y given 

by expression A. 

Myx = Myz ~ Mutual inductance contributed to coil Y due to 
excitation of adjacent coils X and Z. 

C: M = Myx + Myz = ^ x (lself/^ x k) 

where: K = coupling factor ~ 5/6 
Combining B and C: 

Lai = Lself m = 17/12 x l$elf 


Coil Y is also coupled with coils of phases B and C of the ironless stator. 
With balanced three-phase load, current vectors are equal but displaced 120 
degrees in time. Also, each coil group is circularly displaced 120 electrical 
degrees. From inspection of fig. 88 it was concluded that when current in A is 1 
pu and current in B and C is 0.5 pu, the total inductance of any stator coil is: 

Lj = Lai Lci X 0.5/60® - Lgi x 0.5 /120 ® 

= 1.5 X Lai 
= 2.125 X LcoiL 

The above expression is valid only in the absence of iron. When the iron 
inductor poles are added, the demagnetizing flux must be accounted for by Xad and 
Xaq; so Lj must be reduced to eliminate the direct and quadrature linkage that 
exists due to an entirely different magnetic circuit comprised of rotor pole iron, 
the magnet, and rotor leakage paths. Considering this, the inductance of a stator 
coil due to stator leakage paths in air and excluding iron paths is defined as 
fol lows; 


Ll ■ Lj X (1 - a/2) where a is the pu unit pole embrace of the inductor 
rotor pole. 

Expressing stator leakage as a pu unit reactance for a multipole, multi- 
circuit, three-phase winding: 


U2 


xlpu = w X Ll x Icoil/Vcoil 

where: w = 2 x it x f 



Icon * IBASE/C 
VCOIL = VbaSE X C/POLES 
C * No of parallel stator circuits 
Therefore: X|_pu = u x Ll x POLES/C^/ZbasE 

where: Zbase = Vbase/Ibasl 


It is believed that the estimated value of Xlpu is somewhat higher than 
actual because reduction of mutual linkage in the formed-end regions of the iron- 
less stator coils was not taken into account. Furthermore, the presence of an 
electrically conductive housing around the stator o.d. will reflect and constrain 
stator leakage flux. Since the fundamental positive-sequence component of stator 
leakage flux is synchronous with the rotor hub and magnet located at the stator 
i.d., the latter are inhibitory only to non-synchronous components of stator 
flux. Leakage due to rotor hubs and poles is separately accounted for in the 
analysis of the excitation circuit of the machine. 
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APPENDIX B 

THERMAL ANALYSIS OF THE ADVANCED ELECTRIC VEHICLE MOTOR 


Note: The following thermal analysis was conducted during the 

preliminary design phase and does not represent the actual 
configuration of the functional model. It is presented here to 
indicate the type of cooling scheme intended and to give some 
feel for the portions of the duty cycle that are thermally 
critical. 


Analysis 

A complete steady-state and transient thermal analysis has been performed on 
the salient poie propulsion motor for the advanced electric vehicle. A thermal 
nodal diagram of the motor appears in fig. 93. Flow enters the center of the 
unit by means of holes in the rotor shroud near the center shaft. The flow is 
pumped through the vertical rotor-stator gap by the centrifugal pumping effect 
created by the rapidly rotating, multipoled motor. A thermally actuated bimetal- 
lic choke (or similar flow-restricting mechanism) limits the amount of cooling 
flow in order to minimize the pumping losses of the motor, while at the same time 
providing adequate cooling. A small amount of the outlet cooling flow passes 
over a bimetallic actuation device for the choke and causes the choke to open 
somewhat for high outlet temperatures and to close somewhat for low outlet tem- 
peratures. This type of mechanism provides a nearly uniform outlet-coolant tem- 
perature, and thus, a nearly unifon.i motor temperature. The flow is therefore 
varied on demand depending on both the ambient temperature and the power level of 
the motor. The amount of air horsepower consumed by the pumping power of the 
motor is represented as follows: 

Air Hp = flow (m3/S) x AP (Pa)/746.7 

The pressure rise of the air, AP, is a function of the motor speed. Thus, 
for any given speed, the pumping air horsepower consumed is directly proportional 
to the amount of cooling flow passing through the motor. Minimizing this flow by 
means of a bimetallic choke (or similar flow-restricting mechanism) is very 
important, /or very low motor speeds, when the pumping power of the motor is 
extremely small, a vaneaxial centrifugal fan aids in cooling the motor (fig. 94). 

The stator, which is a thin disk of copper windings, is insulated by a 0.05 
mm-thick (0.002 in.) kapton tape and is held in place by external body 
structures. Nodes 1-6 represent the copper stator and nodes 7-9 are the external 
motor housing. Nodes 10-16 and 18-19 generally represent the rotor. Specifi- 
cally, nodes 14-16 are the rotor windage shroud, nodes 10-12 are the iron salient 
poles, node 18 is the permanent magnet, node 13 is and Inconel ring, and node 19 
is a solid iron center rotor section. Node 17 is a constant-temperature ambient 
boundary condition at 50OC (1220F). 

For the worst steady-state operating condition, the electric vehicle climbs 
a 10 percent grade hill at 56.3 km/hr (35 mph) with 26 kW output power. The 
rotor speed is 1466 rad/s (14,000 rpm), and the total copper losses are 1.16 kW 
at 149°C (300°F). At this worst case steady-state condition, the unit is assumed 
to be cooled by 0.019 m^/s (40 cfm) of hot anbient air at 50°C (1220F). 
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PERFORAAANCE CURVE 


CENTRIFUGAL FAN 

27 VDC 

SERIES WOUND 



DESIGN POINT: 

50 CFM Cu 4" HjO 
STATIC PRESSURE 



WEIGHT 4.75 lb. MODEL NO. M125Q-9C 


A.32M2 


Figure 94. — Auxi liary Fan for Advanced Electric Vehicle ^totor. 
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AMPS 


As a worst-case transient condition, the cycle shown in fig. 95 was applied 
using initial conditions from the uphill steady-state case. The cycle consists 
of a 15-s initial acceleration to 56.3 km^r (35 mph) followed by and 11-s upshift 
acceleration to 72.4 ktn/hr (45 n^>h). The vehicle then cruises at 72.4 km/hr (45 
mph) for 53 s and coasts down to 62.8 km/hr (39 mph) for 9 s. The final 11 s of 
the run consists of a downshift and braking to a Tull stop. Thus, the full cycle 
lasts approximately 99 s. 


Results 

Steady-state climb. — A computer printout of the steady-state thermal results for 
the hot day 56.3 km/hr (35 10 percent grade climb appears in table 14. The 

hottest temperature of 208OC (407OF) appears at copper node 4. This region is 
cooled almost solely by conduction, since it is surrounded by an insulation sup- 
port. However, even this temperature is safely below the maximum allowable tem- 
perature limit of 220OC (4280F). The weight-averaged copper temperature is some- 
what less at 1650C (3290F). 

The magnet, node 18, is at a safe 990C (2110F), which is below its maximum 
allowable limit of IZl^C (250°F). The iron pole temperature is running at a saf*- 
temperature of approximately IIQOC (23QOF), and the external housing has a max • 
temperature of app»*oximately 1260C (258°F). 

A summary of the motor losser for the 56.3 km/hr (35 mph), 10 percent grade 
climb is given in table 15. The largest is the 1158 W of copper resistance heat. 

The second largest loss is a 310-W windage loss associated with the 1466 rad/s 
(14,000 rpm) rotor spinning inside the stationary housing. This could be decreased 
by approximately 25 percent by using somewhat more optimum rotor-to-housing gaps 
and by rounding all corners to minimize eddy flow losses. In addition, the rotor- 
to-stator internal windage loss of 25 W could be cut in half if some type of filler 
was used between the salient rotor poles, i.e., if the rotor disk was cylindrical ly 
smooth instead of consisting of eight distinct poles. 

The amount of power consuiwd by the pumping action of the salient pole rotor is 
135 W for 0.019 nw/s (40 cfm) at 1466 rad/s (14,000 rpm). This value is expected 
to be significantly less for lower speeds and/or lower flow rates as determined 
by the flow-restricting mechanism of the bimetallic choke. At any point in the 
duty cycle, however, use of no more than 0.019 m^/s (40 cfm) of cooling air is 
anticipated. 

Transient duty cycle . --For the transient case that is assumed to follow immedi- 
ately after the 56.3 km/hr (35 mph), 10 percent grade climb, the hottest tempera- 
ture appears at the end of the initial 15-s acceleration (table 16). At this 
time, the maximum copper temperature has clinked an additional 80C to 2140C 
(4170F). This is well below the maxifmim allowable short-term copper temperature 
of 250OC (482°F). All other iron, housing, and magnet temperatures are 
essentially the same as those found during the steady-state climb. 

A plot of the maximum copper ten^erature versus time for this worst case, 
hot day transient appears in fig. 96. After the initial acceleration, the copper 
power decreases significantly, and the higher speed of the rotor helps to cool 
the copper more efficiently. A constant flow of 0.19 m^/s (40 cfm) cooling air 
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TABLE 14. ..advanced ELECTRIC VEHICLE MOTOR THERMAL RESULTS FOR STEADY STATE. 
56.3 km/hr (35 mph). 10 PERCENT GRADE CLIMB. 


NO. OF ITER. 

= 8 

DTENPs .5000 

ACCEL= 1. 

0000 



NODE NO. 

TEMP. 

HEAT IN.- 

flHOV 

— CPN 

«N 

-ICNPC. 

i 

339.15 

270.3599 

.953990 

• 1000 

200 ^00000 

167.85 

2 

3 

305. 95 
- 279.85 

336.5689 

175.5185 

•588160 
.318560 

.1000 

.1000 

200.00000 

200.00000 

151.90 

137.68 

N 

906. 99 

199.1219 

•226816 

.1000 

200.00000 

208.29 

5 

* 

359.31 

390.98 

180.2600 
75.8559 

.299098 

.159269 

.1000 
— .100& 

200.00000 

200.00000 

179.05 

171.65 

1 

205.11 

• 0000 

•655791 

.1200 

25.00000 

96.16 

8 

256.92 

.0000 

6.210610 

.1200 

25.00000 

129.67 


258.12 

.0000 

- 3.121200 

.1200 

25.00000 

125.61 

10 

232.25 

.0000 

.817870 

.1200 

25.00000 

111.29 

11 

232.99 

.0000 

9.560650 
— 9.907220 

• 1200 
.1200 

25.00000 
^ ^S.OOCOO 

111.37 

103.96 

1?- 

' 219.16 

•0000 

13 

179.92 

.0000 

•897975 

.1300 

8.00000 

79.39 


297.70 

.0000 

.980577 

.1200 

25.00000 

119.82 

jj - 

295.90 

—.0000 

.871629 

.1200 

— -25 .00000 

1 8 .82 

16 

226.26 

.0000 

1.339602 

.1200 

25.00000 

107.91 

17 

122.00 

• 0000 

•l.OOUOOO 

l.COOO 

.01600 

99.99 

18 

210. 70 

.0000 

3.508900 

.1000 

9.85000 

99.26 

19 

212.98 

• 0000 

3.861090 

.1200 

25.00000 

100.26 


TOTAL weight IS 33.7878 IBS. ~ 


FLUID CAPAClTf RATE CLEHEWTS 

STREAM M0.= I NODE M0.= 100 IMLCT TEMP.- 122.00 


SECTION 

1 - 

2 

3 

1 - 

5 

6 

— r 


NODE NO. 

TOUT 

FLOW 

RHOF 

NEAT IN. 

101 

126.86 

163.7000 

.0679 

.972598 

102 

138.18 

163.7000 

.0670 

.000000 

103 

179.08 

163.7000 

.0699 

96.359079 

108 

192.75 

163.7000 

.0617 

71.755592 

105 

269.08 

163.7000 

.0579 

177.996375 

106 

286.39 

163.7000 

• 0538 

110.632318 

107 

2f9.58 

163,7000 

.0590 

212.926889 


A-32644 
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TABLH 15. -ADVANCED ELECTRIC VEHICLE MOTOR LOSSES FOR 56.3 km/hr (35 tnph), 

10 PERCENT GRADE CLIMB. 


Source 

Loss. W 

Copper 

1158 

Rotor to Housing Windage 

310 

Rotor to Stator Windage 

250 

Coolant Flow Punning 

133 

Total 

1851 


NOTE: Copper loss based at 1490C (300OF) 

Motor speed - 1466 rad/s (14,000 rpm) 

Coolant flow - 0.019 m^/s (40 cfm) at 50°C (1220F) 


at BO^C (1220F) is assumed to flow through the motor during the entire transient. 
At higher speeds, the flow is restricted by a bimetallic choke in order to limit 
pumping losses, and at a slower speeds, the cooling flow is aided by the 
auxiliary fan. 

Pressure drops . --At 1466 rad/s (14,000 rpm), the total expected velocity head at 
the outer rotor diameter is 6970 Pa (28in. H^O). This is half of the velocity 
head corresponding to a flow with the full tangential velocity of the rotor. The 
anticipated pressure drop across the rotor mechanism itself is about 747 Pa (3 
in. HpO) at this flow and rotor speed. Therefore, an additional 6220 Pa (25 in. 
H^O) pressure drop must be applied across the butterfly bimetallic choke for this 
56.3 km/hr (35 tr^h) cliir^ condition. The preferred diameter of a butterfly valve 
choke for this application is about 29.2-mm (1.15 in.) i.d. With 1466 rad/s 
(14,000 rpm), the valve would close about 40° from the center line to provide the 
above additional 6220 Pa (25 in. H^O) pressure drop. With the valve fully 
opened, approximately 1240 Pa (5 in. H 2 O) pressure drop would be incurred in the 
system, thus meeting the specification curve for vaneaxial fan no, M125Q-9C *t 
0.019 m3/s (40 cfm)‘(fig. 94). 
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TARLF 16.— advanced ELECTRIC VEHICLE MOTOR THERMAL RESULTS FOR WORST-CASE 

TRANSIENT ACCELERATION CONDITION. 


1INC= 15 

•000 DtHCta: 

,66666666 

NOOC NO 

.= e 



NOOF NO* 

tCNF. 

«ril IN. 

NH06 

C2N 

NN 

1IIIPC. 

1 

360.07 

266.6767 

.653660 

.1000 

200.00000 

171.16 

2 

316.63 

372.2500 

.564160 

.1600 

200.066Q0 

151.11 

3 

26 3. 30 

201 .5000 

,316560 

.lOOO 

200.00000 

165.16 

« 

616.50 

163.5667 

.226616 

.1000 

200 .66000 

213.60 

S 

36 7.66 

166.0767 

.266066 

.1000 

200.00000 

166.66 

* 

356-37 

100.6000 

.156266 

.1060 

200.60000 

161.66 

7 

206. 11 

.0000 

.655761 

.1200 

25.00000 

66.63 

• 

253.66 

.0000 

6.210610 

.1260 

25.00C00 

123.12 


255.06 

.0000 

3.121200 

.1200 

25.00000 

123.61 

10 

230.06 

.0000 

.617670 

.1260 

25.00000 

110.01 

11 

231.37 

.0000 

6.560650 

• 1200 

25.00000 

110.75 

12 

216.66 

.0000 

6.601220 

.1260 

25.00000 

103.65 

li 

175. 11 

.0000 

.667675 

• 1300 

6.00000 

76.66 

IN 

260.66 

.0000 

.680577 

.1260 

25.00000 

115.61 

15 

236.00 

.0000 

.671626 

• 1200 

25.00000 

116.66 

16 

223.31 

.0000 

1.336602 

.1260 

25.00600 

106.27 

1 7 

122.00 

.0000 

-1.000000 

1.0000 

•01600 

66.66 

11 

210.66 

.0000 

3.5U660U 

.1660 

6.65000 

66.36 

16 

212.67 

.0000 

3.661060 

.1200 

25.00000 

100.36 


fdi«L yciBNf IS ss.iaTu lus* 


FLUID C*P*CIIt N*lt CLFNeytS 

S1RIAN aO.= I moor no.: too INLM UNP.r 1?2.C0 


SFCnON 

NODI NO. 

TOUT 

FLOy 

RMOF 

»<CA1 IN. 

1 

101 

126.73 

16 3. 7000 

.0676 

.270526 

2 

102 

137.70 

163.1000 

.0670 

.000000 

3 

103 

173.66 

163. 7000 

.0665 

25.076621 

6 

106 

161.16 

163.7000 

.0616 

63.666668 

5 

105 

26 2.. 'V 

163. 7000 

.0576 

6 3.666666 

6 

106 

216.0 3 

163.7000 

.0566 

63 .666VV8 

7 

107 

255,76 

16 3. 70 30 

.0567 

116.576676 


A 


IM 



t'T 



NOTE: Initial Conditions are from 35 MPH.IO^ Grade, Steady-State 


A>32e48 


Fiyure 9b.— Maximum Stator Winding Temperature for Worst Case 
Operation, 50 Ambient. 
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APPENDIX C 


ADVANCED ELECTRIC MOTOR 

The motor, as defined by layout L518950-1, was analyzed for the following 
conditions: 

(1) Maintain magnet disk tensile stress below 27.58 MPa (4000 psi) at 1774 
rad/s (16,940 rpm). 

(2) Size hoop ring and shrink fit required to obtain (1) above. 

(3) Estimate shaft preload required to maintain clamp-up under all loading 
conditions. 

(4) Calculate the critical speed of the rotating mass. 

(5) Calculate stresses at the junction of the rotor poles to the disk. 

The results of the analysis showed the following: 

(1) For a hoop ring of 8.12-mm (0.32 in.) thickness, the required radial 
shrink fit is 0.36 mm (0.0143 in.) to maintain a tensile stress of less 
than 27.58 MPa (4000 psi) in the magnet disk when rotating at 27.58 MPa 
(16,940 rpm). 

(2) The shaft preload required is 31,100 N (7000 lb). 

(3) The critical speed of the rotating mass is 3030 rad/s in comparison 
with 1466 rad/s operating speed. 

(4) The maximum stress at the junction of the rotor poles and disk is 436 
MPa (63,180 psi), which contains a 1.37 stress-concentration factor. 

The maximum stress in the rotor disk at the shaft hole is 198 MPa 
(28,765 psi). 

(5) A preliminary study of plan strain fracture, Kjc versus flaw size, 
indicates that this mode of failure will not be a problem. 

(6) The diameter of the steel rotor disk at the o.d. of the magnet disk 
must be maintained at a 0.15-mm (0.006 in.) smaller diameter than the 
magnet disk in order for the shrink fit forces to be transmitted to the 
magnet disk. 

(7) The hoop ring must be heated to 400°C (7500p) minimum to enlarge the 
ring diameter prior to assembly onto the magnet disk. 

The stress analysis was based upon the following criteria: 

Normal Operating Speed: 1466 rad/s (14,000 rpm) 

Maximum Overspeed: 1774 rad/s (16,940 »*pm) 
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Temperature Range: -30OC to 150OC in magnet 

150°C maximum in rotor poles 

Acceleration (Lateral to Shaft): 10 g assumed 

Rotor Imbalance: Based on 0.030 N*m (4.3 in. oz) 

0.2b mm (O.OiO in.) offset and WT - 12.3kg (27 lb) 

Magnet Material: 


Ftu 

27.58 MPa 

(4 ksi) 

t = 11.4 mm (0.4493 

in.) 

Feu 

0.241 GPa 

(35 ksi) 

o.d. = 151.3 mm (5.957 

in.) 

E 

117.2 GPa 

(i7 X lOh psi) 




0.3 

dbhO kg/m^ (0.3i lb/in.3) 

9. by X lO-b tran/(n¥ii*0C) (B.33 x 10"^ in. /in. /op) 


Hoop Material : Inconel 7i8 

Ftu = 1-24 GPa (180 ksi) 

Fj;y = 1.U3 GPa (150 ksi) 

E = 204.1 GPa (29.6 x 10& psi) 

= 8221 kg/m3 (0.297 Ib/in^) 

= 12.78 X 10-b nm/(mm-OC) (7.1 x 10-h in./in./op) 
Shaft and Rotor Material: 434u steel 

Ftu " ^*86 GPa (12b ksi) 

Fty = U.7i GPa U03 ksi ) 

Fsu = 0.52 GPa (7b ksi) 

E = 2UU.0 GPa (29 x lOh psi) 

= 11.3 X 10-h mm/(mm*0C) (6.3 x 1U”8 in./in./Op) 

where: 

Ftu * Ultimate tensile strength 
Feu = Ultimate compressive strength 
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E » Young's modulus of elasticity 

M = Poisson's ratio 

p = Material density 

ot = Coefficient of thermal expansion 

fty ' Tensile yield strength 

Fsu = Ultimate shear strength 
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APPENDIX D 


DESIGN COMPARISON: RARE-EARTH COBALT MAGNETS VERSUS STRONTIUM FERRITE 


Although rare-earth cobalt magnets exhibit the highest energy per unit 
volume of all currently existing magnet materials, they are also considerable 
more expensive than other magnet options. Tc evaluate the impact of using a 
lower-cost magnet material, a preliminary design comparison was made between a 
rare-earth magnet machine (15 M60) and one using strontium ferrite (3.3 MGO). 

This ferrite magnet material has the highest cost efficiency on a dollars per 
energy product basis. The result of this analysis is presented in table 17. 

The use of this lower energy product material results in a larger diameter 
machine, necessitating a reduction in rated rotational speed to keep the rotor- 
tip speed at the same level. The resulting weight penalty is about 2S percent 
and the efficiency penalty is about 2 percent. The magnet cost, however, is sub- 
stantially lower for the ferrite version, even though a larger volume and weight 
is required. Another advantage of the ferrite is its lower density, resulting in 
a thinner section shrink ring to maintain magnet containment. This characteris- 
tic also makes it better suited to scaling in power and size. 

This analysis is intended to indicate trends in comparative size and effi- 
ciency for a given power level. It is not intended to be an optimized design for 
this application, which would require a more intensive design analysis. 
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TABLE 17.— COMPARISON OF AXIPOLAR MACHINES USING 15 MGO AND 3.3 MGO MAGNETS 


Magnet material 

15 MGO, Sm-Co 

3.3 MGO, ceramic 

Magnet weight, kg (Ibj 

1.67 (3.68) 

4.73 (10.41) 

Magnet density, kg/m3 (lb/in.3) 

8300 (0.300) 

4844 (U.l7b) 

Estimated magnet cost, dollars 

478 

10.41 

Magnet operating point, kg/koe 

3.73/3.73 

1.75/1.75 

Motor diameter, mm (in.j 

255.5 (10.06) 

308.6 (12.41) 

Speed, rad/s (rpm) 

1466 (14,000) 

1152 (11,000) 

Volts, ac 

81 

81 

Amperes, ac 

110 

110 

Shaft power, kW 

2b. 8 

2b. 4 

Electromagnetic weight, kg (lb) 

11.18 (24.6) 

14.32 (31.5) 

Estimated total weight, kg (lb) 

14. 5b (32.0) 

18.64 (41.0) 

■)tal motor losses, kW 

i.yi 

2.bi 

i'lotor efficiency, percent 

y3.i 

yi.o 







APPENDIX E 


KEY COMPONENT DRAWING LIST 
FUNCTIONAL MODEL 


Motor 


Drawing No. 


Drawing Title 


518950 

518951 

2043900 

2043901 

2047243 

2047247 

2047231 

2047240 

2047221 

2043910 

2043911 


Motor outline 
Motor assembly 
Stator assembly 
Stator subassembly 
Coll assembly 
Rotor assembly 
Multipole hub 
Disc assembly 
Disc, magnet 
End bell assembly 
End bell assembly 


Power Converter 


Drawing No. 


Drawing Title 


2001564 

2001592 

2001566 

2001556 

2001558 

2001570 

2001560 

SKPW820910 


Inverter 

Sync and speed decoder logic 

Current sense and comparator 

Drive-brake direction and tractive effort pause 

Fault protection and tractive effort pause 

Base drive power supply logic 

Power supply 

Interface 


Note: This list contains only the key components and is not a complete 
parts list for the motor. Further details must be determined by 
reviewing the complete parts list. 
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NOTES: UNLESS OTHERWISE SPECIFIED 

1. PART NUMBER CHANGES AND/OR DESIGN CHANGES AFFECTING ITEM INTERCHANGEABILITY REQUIRE 
PRIOR AIRESEARCH APPROVAL AND AUTHORIZATION BY REVISION TO THIS DRAWING. 
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6.0 SCOPE 


6.1 THIS SPECIFICATION COVENS THE DETAIL NEQUINEttfNT FON FABRICATION OF A RARE- 
EARTH -COBALT PERMAI«NT MGNET ROTOR DISC. 

7.0 MATERIAL 

7.1 THE DISC SHALL BE FABRICATED FROM A SUITABLE MATERIAL TO KET THE FOLLOWING 
TYPICAL tV^GNCTIC PROPERTIES 

7.2 MULTIPLE MAG(€T SECTIONS MRY Bf USED TO FABRICATE MAG»«T DISC AT OPTION 
OF VENDOR. 

t.O MAGNETIC PROPERTIES 

8.1 RESIDUAL INDUCTION (Br): 8000 GAUSS (NOMINAL) 

8.2 COERCIVE FORCE (He): 8000 OERSTEDS (mMINAL) 

8.5 ENERGY PRODUCT (Bd Hd): 

MAGNETIZE DISC TO OBTAIN t6± MGO AT A MAGNET DENSITY OF 3.75 KG. 

».0 PHYSICAL PROPERTIES 

9.1 DENSITY: 8.3 G/CC (APPROX) 

9.2 COMPRESSIVE STRENGTH: 53,000 PSI (APPROX) 

10.0 VENDOR ACCEPTANCE TESTS 

10.1 PERFORM VISUAL AND DIMENSIONAL INSPECTION PER DRAWING REQUIREMENTS. 

10.2 'B-H' CURVES ^SURED ON EACH MAGNET SHALL BE SHIPPED WITH EACH ORDER. 
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SHAFT POSITION SENSOR 


Under nomal operating conditions, the brushless dc motor uses the back emf 
generate by the rotating machine to determine the firing logic for the Inverter. 
This method ensures that current Is delivered to the motor In a manner that most 
effectively (nroduces torque. This was discussed In Section 4. Ho«fever, during 
starting conditions, the back emf (proportional to speed) does not exist. At low 
speeds, the back emf Is not sufficient to accurately determine rotor position. 

The approach used for this design was to Incorporate a shaft position sensor for 
speeds from 0 to 10 percent of rated speed. 

The shaft position sensor consists of an encoded disc, a light-coupled 
flitter and sensor pair, decoding logic, and the necessary Mimtlng harfhiare. 

The encoded disc, shown In fig. 97, Is attached directly to the motor shaft. The 
disc has three sets of slots, located at three different radii. The slot pattern 
repeats Itself eight times over 360 mechanical deg since the machine has 16 poles 
(eight pole pairs]. The stationary emitter assembly consists of 3 LED's located 
at radii equivalent to those used for the disc slots* The sensor assembly 
consists of 3 photodiodes, each located opposite an LED. Some of the mounting 
hardware and the encoded disc are shown In fig. 98. 

The decoding logic, located In the electronics package, monitors the output 
of the three photodiodes. Iidien a slot appears between the sensor and fitter, 
light passes through and photodiode turns on. When the disc blo.ks the light 
(between slots), the photodiode turns off. The three sensor outputs, therefore, 
each have a logic 0 or logic 1 output, resulting In 3, or eight possible logic 
states. The encoded disc slot pattern Is arranged such that two of the possible 
CtXnblnatlons do not occur. This results In six unique logic states, correspond- 
ing to the six iHJSsIble switch states In the Inverter. The Inverter logic 
decodes the emitter logic and ensures that the proper Inverter switches are 
gated. 
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Figure 97.— Position Sensor Encoded Disc 
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